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ABSTRACT 


Four new specimens of Anchiornis huxleyi (PKUP V1068, BMNHC PH804, BMNHC PH822, 
and BMNHC PH823) were recently recovered from the Late Jurassic fossil beds of the Tiaojishan 
Formation in northeastern China. These new specimens are almost completely preserved with cra¬ 
nial and postcranial skeletons. Morphological features of Anchiornis huxleyi have implications for 
paravian character evolution and provide insights into the relationships of major paravian lineages. 
Anchiornis huxleyi shares derived features with avialans, such as a straight nasal process of the pre¬ 
maxilla and the absence of an external mandibular fenestra in lateral view. However, Anchiornis 
huxleyi lacks several derived deinonychosaurian features, including a laterally exposed splenial and 
a specialized raptorial pedal digit II. Morphological comparisons strongly suggest Anchiornis is more 
closely related to avialans than to deinonychosaurians or troodontids. Anchiornis huxleyi exhibits 
many conservative paravian features, and closely resembles Archaeopteryx and other Jurassic para- 
vians from Jianchang County, such as Xiaotingia and Eosinopteryx. The other Jianchang paravian, 
Aurornis xui , is likely a junior synonym of Anchiornis huxleyi. 


INTRODUCTION 

The Late Jurassic fossil beds of western Liaon¬ 
ing Province and nearby areas have revealed a 
plethora of extraordinary fossil invertebrates and 
vertebrates over the past several years (Zhang, 
2002; Sullivan et al., 2014). In addition to many 
fossil mammals (Meng et al., 2006; Luo et al., 
2007a, 2007b, 2011; Zhou et al., 2013), pterosaurs 
(Ji and Yuan, 2002; Lii et al., 2009), salaman- 
droids (Gao and Shubin, 2012) and insects (Ren 
et al., 2010), discoveries of feathered dinosaurs in 
Jianchang County have considerably improved 
our understanding of the evolution and paleobi¬ 
ology of the Paraves (Xu et al., 2009, 2011; Zheng 
et al., 2009; Longrich et al., 2012; Godefroit et al., 
2013a, 2013b). Fossil deposits in the Tiaojishan 
Formation in Jianchang County have been dated 
to -160 million years ago (Wang et al., 2013), 
thus, Late Jurassic (Oxfordian) in age (Cohen et 
al., 2013). These deposits have furnished the 
most abundant collection of Jurassic paravians in 
the world. Fossils discovered in these deposits 
include multiple specimens of Anchiornis hux¬ 
leyi, Xiaotingia zhengi, Aurornis xui, and Eosin¬ 
opteryx brevipenna (Xu et al., 2009, 2011; Hu et 
al., 2009; Zheng et al., 2009; Godefroit et al., 
2013a, 2013b). 

The type specimen of Anchiornis huxleyi 
(IVPP V14378) was reported by Xu et al. (2009) 


from the Tiaojishan Formation in Jianchang 
County, China. This specimen consists of a semi- 
articulated postcranial skeleton, missing only 
parts of the tail and the forelimb. Anchiornis hux¬ 
leyi was briefly described and diagnosed in the 
original publication, and was assigned to the 
Avialae based on postcranial similarities with 
Archaeopteryx. A second specimen of Anchiornis 
huxleyi, LPM-B00169, a complete skeleton that 
includes feathers, was reported by Hu et al. 
(2009) shortly thereafter. A brief osteological 
description of the specimen was included in that 
study, and anatomical details clarified the rela¬ 
tionships of Anchiornis huxleyi, allowing its reas¬ 
signment to the Troodontidae (Hu et al., 2009; 
Turner et al., 2012). Li et al. (2010) reported a 
third specimen of Anchiornis huxleyi, BMNHC 
PH828. It preserves a semiarticulated skeleton 
with extensive feathers, yet is missing parts of the 
tail and several limb and cranial bones. A thor¬ 
ough examination of the microstructure of the 
plumage in BMNHC PH828 revealed the color¬ 
ation of Anchiornis for the first time in a nona- 
vialan dinosaur species (Li et al., 2010). 

Later discoveries of closely related paravians 
further cloud the phylogenetic position of 
Anchiornis huxleyi as well as other paravians (Xu 
et al., 2011; Tuner et al., 2012; Agnolin and 
Novas, 2013; Godefroit et al., 2013a, 2013b; Foth 
et al., 2014; Brusatte et al., 2014). Yet, despite its 
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importance and being known from a large num¬ 
ber of specimens, the morphology of this taxon 
has only been described briefly (Xu et al., 2009; 
Hu et al., 2009; Li et al., 2010; Zheng et al., 2014). 

Although only three specimens have been 
described to date, many nearly complete speci¬ 
mens of Anchiornis huxleyi have been recovered 
from Jianchang County in western Liaoning 
Province, China (Zheng et al., 2014). A large 
number of extraordinarily well-preserved speci¬ 
mens afford an excellent opportunity to investi¬ 
gate intraspecific variation, allometric growth, 
and possible sexual dimorphism in one of the 
earliest paravians. This study provides full osteo- 
logical descriptions of four new specimens of 
Anchiornis huxleyi. 

Material 

Four new specimens of Anchiornis huxleyi, 
PKUP V1068, BMNHC PH804, BMNHC 
PH822, and BMNHC PH823 (figs. 1-4), from 
the same locality as the holotype, were recently 
acquired by Peking University and the Beijing 
Museum of Natural History. All the new speci¬ 
mens preserve nearly complete and well-exposed 
cranial and postcranial skeletons. 

PKUP VI068 preserves a complete skeleton 
with some feather imprints scattered around the 
tail (fig. 1). Unlike many other Anchiornis hux¬ 
leyi specimens, most of whose cranial bones are 
shattered and dislocated, the skull and the man¬ 
dibles of PKUP V V1068 are extraordinarily well 
preserved with most of the bones articulated in 
life position. The proximal caudal vertebra, the 
coracoid, and the left pes are not well exposed in 
this specimen, as they are still buried in matrix 
or overlapped by other bones. This specimen is 
one of the largest (based on femoral length) 
described Anchiornis specimens, with an esti¬ 
mated body length of 60 cm (including the unex¬ 
posed caudal vertebrae) compared to 34 cm of 
the holotype (table 1). 

BMNHC PH804 is a complete and articulated 
skeleton with feathers preserved on the tail, fore¬ 
limb, and hindlimb (fig. 2). The skull of BMNHC 


PH804 is preserved in quasilateral view, and is 
not as well articulated as in PKUP V1068. The 
left manus is obscured by the skull and the right 
metacarpals are not fully prepared. The rest of 
the skeleton is well exposed. BMNHC PH804 has 
a body length of about 36 cm, slightly larger than 
the holotype. 

BMNHC PH822 is a complete skeleton. The 
skull of BMNHC PH822 is exposed in dorsal 
view (fig. 3). However, several of the cranial 
bones are shattered and not as well preserved 
as in PKUP V1068. The postcranium is fully 
articulated except for the left pes. BMNHC 
PH822 is about the size of PKUP V1068, based 
on the skull and femur length, but it has a pro¬ 
portionally longer tail, and thus has a total 
body length of 62 cm, which is longer than the 
estimate for PKUP V1068. BMNHC PH822 is 
preserved with a pair of squamate mandibles 
in the gastral region and a caudal vertebral 
column in the thoracic region (fig. 15). We 
interpret these possibly as the remains of a 
single lizard ingested before death and burial. 
The right metatarsus of BMNHC PH822 was 
possibly reconstructed by local collectors 
before the acquisition of this specimen by the 
Beijing Museum of Natural History, and is not 
included in the description. 

BMNHC PH823 is a nearly complete skele¬ 
ton. The skull is laterally preserved and slightly 
shattered (fig. 4). Most of the cranial bones are 
articulated, except for the left mandible, which is 
broken and fragmented. The pubes of BMNHC 
PH823 are missing. The cervical vertebrae, the 
proximal caudal vertebrae and parts of the limb 
bones were reconstructed by local collectors 
before the acquisition of the specimen, and thus 
are not included in the osteological description. 
BMNHC PH822 has an estimated body length of 
about 46 cm, based on the positions and lengths 
of the skull and tail (fig. 4). 

This description of Anchiornis huxleyi is 
primarily based on the best-preserved speci¬ 
men, PKUP V1068. All the other specimens 
display almost identical morphologies, except 
where noted. 
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FIGURE 1. Mounted slab of PKUP V1068. 


MORPHOLOGICAL DESCRIPTION 
Skull and Mandible 

The skull of Anchiornis huxleyi has a typical 
basal paravian profile, as in Archaeopteryx, Mei, 
Microraptor, and Shanag. It has a large and round 
orbit, a large antorbital fossa, and an elongate 
naris. The snout of Anchiornis huxleyi is slightly 
elongate, but not as much as in Archaeopteyrx. 

Premaxilla: The right premaxilla of PKUP 
VI068 is exposed in lateral view. The anterior 
end of the premaxilla is damaged and the lateral 
surface of the right premaxilla is eroded, with the 
premaxillary tooth roots laterally exposed (fig. 
5). The main body of the premaxilla (the laterally 
exposed portion except the nasal process and the 
subnarial process) lies mostly anterior to the 
external naris. Only a small posterior portion of 


the premaxillary body extends ventral to the 
external naris, as in Archaeopteryx (Mayr et al., 
2005, 2007), which differs from the condition in 
troodontids and dromaeosaurids (Makovicky 
and Norell, 2004; Norell and Makovicky, 2004). 
The nasal process tapers posterodorsally and is 
almost three times the length of the premaxillary 
main body. The nasal process of PKUP V1068 is 
very similar to that of Archaeopteryx (Mayr et al., 
2005, 2007), in having an anteroposteriorly 
expanded base and a premaxillary foramen posi¬ 
tioned laterally on the base of the nasal process 
(fig. 5). As in Xiaotingia, Archaeopteryx, and 
Caudipteryx, the anterior surface of the nasal 
process is straight and confluent with the pre¬ 
maxillary body (Ji et al., 1998; Zhou et al., 2000; 
Mayr et al., 2005; Xu et a., 2011), which is in con¬ 
trast to other nonavian paravians and Sapeornis, 
where the nasal process is curved and forms an 
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TABLE 1 

Selected Measurements (in mm) of PKUP V1068, BMNHC PH804, BMNHC PH822, and BMNHC PH823. 



PKUP 

VI068 

BMNHC 

PH804 

BMNHC 

PH822 

BMNHC 

PH823 

skull 

>61.3 

43.5 

61.2 

56.0 

body 

-600 

-360 

-620 

-460 

scapula left 

>37.0 

29.1 

- 

40.1 

scapula right 

-34.2 

29.1 

40.8 

- 

humerus left 

>69.5 

45.7 

61.8 

65.2 

humerus right 

72.2 

44.5 

64.9 

64.5 

ulna left 

59 

39.8 

58.9 

- 

ulna right 

58.5 

38.8 

60.8 

- 

radius left 

52 

39.1 

>58.0 

- 

radius right 

52.8 

38.2 

58.9 

- 

metacarpal I left 

12.4 

- 

- 

- 

metacarpal II left 

32.13 

- 

- 

- 

metacarpal III left 

>24.5 

- 

- 

- 

manual phalanx I-1 left 

25 

- 

- 

- 

manual phalanx 1-2 left 

21.8 

- 

- 

- 

manual phalanx II-1 left 

18.9 

11.4 

- 

- 

manual phalanx II-2 left 

>21.0 

18.1 

- 

- 

manual phalanx II-3 left 

>14.5 

10.1 

20.8 

- 


manual phalanx III 1 left 
manual phalanx III 2 left 
manual phalanx III 3 left 
manual phalanx III 4 left 
metacarpal I right 
metacarpal II right 
metacarpal III right 
manual phalanx I-1 right 
manual phalanx 1-2 right 
manual phalanx II 1 right 
manual phalanx II 2 right 
manual phalanx II 3 right 
manual phalanx III 1 right 
manual phalanx III 2 right 
manual phalanx III 3 right 
manual phalanx III 4 right 
ilium left 
ilium right 
pubis left 


12.7 
35 

29.8 
26.1 

>18.0 

18 

26.8 
20.5 

7.2 

6.9 

14.7 

14 

42.2 

-48.1 

56.9 


6.9 

6.6 

9.5 

9 


25.1 

39.2 


12.6 

36.2 

32.7 

29.6 

18.6 
21.9 

27.8 

18.8 
8.7 
7.2 

15.3 
13.5 

34.8 

61.4 


40.9 


42.3 
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PKUP 

VI068 

BMNHC 

PH804 

BMNHC 

PH822 

BMNHC 

PH823 

pubis right 

55.2 

- 

- 

- 

ischium left 

- 

~19 

- 

22.1 

femur left 

88.5 

- 

- 

68.7 

femur right 

90.5 

50.9 

70.5 

67.8 

tibiotarsus left 

112 

69.5 

108.6 

95.2 

tibiotarsus right 

117.7 

69.1 

108 

92.13 

metatarsal II left 

50.0 

39.7 

57.8 

- 

metatarsal III left 

51.5 

- 

58 

- 

metatarsal IV left 

49.1 

38.3 

56.1 

- 

pedal phalanx II-1 left 

- 

8.7 

11.2 

- 

pedal phalanx II-2 left 

13 

8.3 

12.2 

- 

pedal phalanx II-3 left 

- 

- 

13.3 

- 

pedal phalanx III-1 left 

15 

9.8 

15.2 

- 

pedal phalanx III-2 left 

10 

8 

11.2 

- 

pedal phalanx III-3 left 

11.3 

7.1 

7.8 

- 

pedal phalanx III-4 left 

16.8 

7.9 

- 

- 

pedal phalanx IV-1 left 

11 

7.4 

11.6 

- 

pedal phalanx IV-2 left 

9.1 

5.2 

8.9 

- 

pedal phalanx IV-3 left 

- 

5.1 

8.4 

- 

pedal phalanx IV-4 left 

- 

4.9 

7.9 

- 

pedal phalanx IV-5 left 

10.2 

6.1 

10.8 

- 

metatarsal I right 

- 

>6.5 

- 

- 

metatarsal II right 

56.2 

- 

51 

49 

metatarsal III right 

56.4 

- 

55.2 

51.2 

metatarsal IV right 

55 

38.3 

54.5 

48.5 

pedal phalanx 1-1 right 

- 

5.3 

- 

7.5 

pedal phalanx 1-2 right 

- 

4.2 

- 

- 

pedal phalanx II-1 right 

13 

8.7 

- 

10.4 

pedal phalanx II-2 right 

11.5 

7.6 

- 

8.1 

pedal phalanx II-3 right 

- 

9.1 

- 

13 

pedal phalanx III-1 right 

15.1 

9.7 

- 

12.8 

pedal phalanx III-2 right 

- 

7.8 

- 

7.8 

pedal phalanx III-3 right 

- 

7 

- 

11 

pedal phalanx III-4 right 

- 

7.7 

- 

13.2 

pedal phalanx IV-1 right 

11.5 

7.4 

- 

- 

pedal phalanx IV-2 right 

- 

5.2 

- 

8.8 

pedal phalanx IV-3 right 

- 

5.2 

- 

7.5 

pedal phalanx IV-4 right 

- 

5.1 

- 

7.2 

pedal phalanx IV-5 right 

- 

5.0 

- 

13.4 
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FIGURE 2. Mounted slab of BMNHC PH804. 


angle with the anterior surface of the premaxilla 
body (e.g., Barsbold and Osmolska, 1999; Xu et 
al., 1999; Zhou and Zhang, 2003). The internarial 
bar of PKUP V1068 is dorsoventrally flat, as in 
troodontids and Archaeopteryx (Makovicky et 
al., 2003; Norell et al, 2009; Foth et al., 2014). 

The subnarial process of PKUP VI068 is short 
and slender in lateral view. The subnarial process 
forms the ventral margin of the naris, a condi¬ 
tion seen in several basal paravians, such as Sino- 
venator, Sinornithosaurus, and Archaeopteryx 
(Xu et al., 1999, 2000; Mayr et al., 2005). The 
naris of PKUP VI068 is elongate and subtrian- 
gular (fig. 5). The naris is relatively posteriorly 
positioned, as observed in Archaeopteryx, Jehol- 
ornis, and Mei (Zhou and Zhang, 2002; Xu and 
Norell, 2004; Mayr et al., 2005), as the anterior 
margin of the naris is posterior to or at the posi¬ 


tion of the fourth premaxillary tooth. In most 
dromaeosaurids and described troodontids, the 
anterior margin of the naris is positioned signifi¬ 
cantly anterior to the last premaxillary tooth 
(e.g., Osborn et al., 1924; Xu et al., 2000; Burn¬ 
ham et al., 2000; Ji et al, 2005; Norell et al, 2006; 
Lii and Brusatte, 2015). 

The premaxilla is dislocated in BMNHC 
PH804 (fig. 6), yet retains an identical morphol¬ 
ogy as in PKUP VI068. It bears a straight nasal 
process and the external naris is situated poste¬ 
rior to the fourth premaxillary tooth as in other 
Anchiornis specimens and Archaeopteryx (Mayr 
et al., 2005; Hu et al., 2009). The premaxillae 
join to form a pointed anterior tip in dorsal 
view in BMNHC PH822 (fig. 7). The dorsal sur¬ 
face of the internarial bar is flat and the nasal 
processes insert between the nasals, as in 
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FIGURE 3. Mounted slab of BMNHC PH822. Dotted line encircles the area that was reconstructed before 
acquisition of the specimen. 


troodontids and Archaeopteryx (Mayr et al., 
2005; Norell et al., 2009). 

Only the third and fourth premaxillary teeth 
are present on the right premaxilla of PKUP 
V1068 (fig. 5), and the first two tooth positions 
are not preserved. The tooth crowns are cone 
shaped and slightly recurve posteriorly. A dis¬ 
tinct constriction is present between the tooth 
crown and its cylindrical root, as in some other 
paravians such as Archaeopteryx and Sinovenator 
(Xu et al., 2002; Mayr et al., 2005). The third and 
the fourth teeth are about the same size, and are 
larger than the first maxillary tooth. The premax¬ 
illary teeth are of comparable size to the teeth 
that lie in the middle of the maxillary toothrow. 
This condition is also observed in Archaeopteryx 
and troodontids such as Sinovenator , yet is unlike 
dromaeosaurids where the middle maxillary 


teeth are much larger (Xu, 2002; Mayr et al., 
2005; Turner et al., 2012). Four premaxillary 
teeth are also present in both BMNHC PH804 
and BMNHC PH823, and they are positioned 
anterior to the external naris, as in Archaeopteryx 
(figs. 6, 8). The premaxillary teeth of BMNHC 
PH804 and BMNHC PH823 are closely packed 
anteriorly, as in troodontid dinosaurs (Makov- 
icky et al., 2003; Makovicky and Norell, 2004). 
The last premaxillary tooth is subequal in size to, 
or slightly larger than, the first three teeth in 
BMNHC PH804, as in Archaeopteryx and 
troodontids, but unlike dromaeosaurids such as 
Microraptor and Velociraptor, whose last premax¬ 
illary tooth is relatively small (Barsbold and 
Osmolska, 1999; Xu, 2002; Mayr et al., 2005). 

Maxilla: The maxilla is a large triangular 
bone covering most of the lateral side of the 
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FIGURE 4. Mounted slab of BMNHC PH823. Dotted lines encircle the areas that were reconstructed before 
acquisition of the specimen. 


snout and forms the majority of the rostrum. It 
is laterally exposed in PKUP V1068, BMNHC 
PH804, and BMNHC PH823. 

In PKUP V1068 the rostral ramus of the max¬ 
illa extends below the subnarial process of the 
premaxilla and the external naris, and is slender 
and subtriangular laterally (fig. 5). The rostral 
ramus of the maxilla is relatively short in 
Anchiornis huxleyi (fig. 5), less than one-third 
the length of the antorbital fossa, which is the 
also the case in other Jianchang paravians, 
troodontids, and some dromaeosaurids such as 
Microraptor and Bambiraptor (Burnham et al., 


2000; Xu et al., 2011; Godefroit et al., 2013a, 
2013b; Pei et al., 2014). In avialans, derived 
dromaeosaurids, and some more-basal coeluro- 
saurians, the rostral process of the maxilla is 
much longer, at more than two-thirds the length 
of the antorbital fenestra (e.g., Chiappe et al., 
1999; Norell and Makovicky, 2004; Mayr et al., 
2005, 2007; Turner et al., 2012). 

The ascending process of the maxilla rises 
posterior to the rostral ramus and extends pos- 
terodorsally to form the anterodorsal margin of 
the antorbital fossa. The lateral lamina of the 
ascending process is extremely reduced, which is 
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FIGURE 5. Skull of PKUP V1068. 
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FIGURE 6. Skull of BMNHC PH804. 





















14 


BULLETIN AMERICAN MUSEUM OF NATURAL HISTORY 


NO. 411 




FIGURE 7. Skull of BMNHC PH822. 
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FIGURE 8. Skull of BMNHC PH823. 
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similar to the condition in basal troodontids and 
basal dromaeosaurids, such as Sinovenator and 
Microraptor, as well as Archaeopteryx (Xu et al., 
2000, 2002; Mayr et al„ 2005, 2007; Pei et al„ 
2014). In derived troodontids and dromaeosau¬ 
rids, the lateral lamina of the ascending process 
is broad (Osborn et al., 1924; Norell et al., 2006; 
Xu et al., 2010; Tsuihiji et al, 2014). 

The horizontal posterior ramus continues 
from the rostral ramus, and tapers posteriorly in 
PKUP V1068 (fig. 5). The posterior ramus is 
slightly dorsoventrally shallower than the rostral 
ramus, unlike Archaeopteryx, Mei, and Sinovena¬ 
tor, in which the posterior ramus is almost as 
deep as the rostral ramus (Xu et al., 2002; Xu and 
Norell, 2004; Wellnhofer, 2009). A horizontal 
ridge is developed above the toothrow on the 
posterior ramus, as seen in many coelurosaurian 
dinosaurs. It forms a well-defined ventral margin 
of the large antorbital fossa. A series of neurovas¬ 
cular foramina occurs along the posterior ramus 
and dorsal to the toothrow. The posterior end of 
the posterior ramus tapers in PKUP VI068, as in 
Archaeopteryx and dromaeosaurids (Mayr et al., 
2007; Turner et al., 2012). This is different from 
troodontids, where the posterior ramus has 
nearly parallel dorsal and ventral edges (e.g., Xu 
et al., 2002; Makovicky et al., 2003; Norell et al., 
2009; Lii et al., 2010). 

The antorbital fossa is located dorsal to the 
posterior ramus. It is anteriorly bounded by the 
ascending process of the maxilla. The anteroven- 
tral corner of the antorbital fossa is almost rect¬ 
angular, resembling that of Sinovenator, but 
different from Archaeopteryx and Microraptor, in 
which the anteroventral corner of the antorbital 
fossa is rounded (Xu et al., 2002; Mayr et al., 
2005, 2007; Pei et al., 2014). In contrast to dei- 
nonychosaurians, in which the lacrimal and the 
maxilla form the dorsal border of the antorbital 
fossa, the antorbital fossa of Anchiornis is 
bounded dorsally by the nasal and the lacrimal 
as in Archaeopteryx (Mayr et al., 2005, 2007). 

A slitlike promaxillary fenestra is located at 
the anteriormost part within the antorbital fossa, 
which is a primitive condition in paravians, such 


as in Microraptor, Sinovenator, and Archaeop¬ 
teryx (Xu, 2002; Mayr et al., 2007; Rauhut, 2014; 
Pei et al., 2014). The promaxillary fenestra is 
elongate in PKUP V1068, and its long axis 
inclines posterodorsally. The long axis of the pro¬ 
maxillary fenestra is as long as the longest diam¬ 
eter of the maxillary fenestra (fig. 5). The ventral 
margin of the premaxilla fenestra is in a more 
ventral position compared to that of the maxil¬ 
lary fenestra and the antorbital fenestra, which is 
similar to the condition in Microraptor, but dif¬ 
ferent from that in Archaeopteryx and troodon¬ 
tids (Xu et al., 2002, Mayr et al., 2007; Pei et al., 
2014). Unlike dromaeosaurids, the space between 
the maxillary fenestra and the promaxillary 
fenestra is anteroposteriorly short in PKUP 
V1068, which is similar to troodontids and 
Archaeopteryx (Xu et al., 2002; Mayr et al., 2007; 
Rauhut, 2014; Pei et al., 2014). 

A round maxillary fenestra lies posterodorsal 
to the promaxillary fenestra in PKUP V1068. 
The maxillary fenestra is relatively large, as in 
troodontids, Aurornis, and Archaeopteryx, but 
different from the condition in dromaeosaurids, 
in which the maxillary fenestra is reduced in size 
(Wellnhofer, 1974; Xu et al., 2002; Mayr et al., 
2005, 2007; Norell and Makovicky, 2004; Gode- 
froit, 2013b). The size of the maxillary fenestra is 
about one-fourth that of the antorbital fenestra 
in area, not as large as in Jinfengopteryx, but sim¬ 
ilar to Sinovenator and Archaeopteryx (Welln¬ 
hofer, 1974; Xu et al., 2002; Mayr et al., 2005, 
2007; Ji et al., 2005). The ventral margin of the 
maxillary fenestra is at the same level as the ven¬ 
tral margin of the antorbital fenestra, as in 
troodontids and Archaeopteryx, but not dorsally 
displaced as in dromaeosaurids (Makovicky and 
Norell, 2004; Norell and Makovicky, 2004; Mayr 
et al., 2005, 2007; Turner et al., 2012). 

An interfenestral bar separates the maxillary 
fenestra from the antorbital fenestra in PKUP 
VI068. The ventral base of the interfenestral bar 
is anteroposteriorly expanded. The upper portion 
of the interfenestral bar leans posteriorly and 
contacts the dorsal ramus of the maxilla. 
Whether an interfenestral canal is present as in 
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FIGURE 9. Dentition of PKUP V1068. Scale bar = 5 mm. 


Byronosaurus (Makovicky et al., 2003) cannot be 
confirmed in this specimen. 

The antorbital fenestra is a large opening posi¬ 
tioned posterior to the interfenestral bar. It is 
pear shaped with a horizontal ventral margin 
and a slightly posteriorly sloping dorsal margin. 
The ventral margin of the antorbital fenestra is 
level with that of the maxillary fenestra and the 
orbit, but higher than those of the premaxillary 
fenestra and the external naris. The dorsal mar¬ 
gin of the antorbital fenestra is shorter than the 
ventral margin, as observed in many basal para- 
vians (e.g., Xu et al., 2011; Rauhut, 2014). 

The maxilla is shattered in BMNHC PH804 
and only vague outlines can be observed (fig. 6). 
As in PKUP V1068, the rostral ramus is short 
and semitriangular, and the ventral ramus has a 
tapering posterior end. An elongate promaxillary 
fenestra is located posterodorsal to the rostral 
ramus, within the antorbital fossa, and more ven- 
trally displaced than the maxillary fenestra. A 
round maxillary fenestra is posterior to the pro¬ 
maxillary fenestra. The antorbital fenestra is 
large, with a diameter about twice that of the 
maxillary fenestra. The interfenestral bar between 
the antorbital fenestra and the maxillary fenestra 
is anteriorly inclined, which differs from other 
specimens in which the bar is more vertical, but 
this is probably a preservational artifact (fig. 6). 
The maxilla of BMNHC 823 is too shattered to 
provide additional information. 

In PKUP VI068, 14 maxillary teeth are pre¬ 
served and exposed on the right side (fig. 9). This 
number is similar to dromaeosaurids, Archaeop¬ 
teryx, and Jinfengopteryx, but is less than in other 
troodontids (Makovicky and Norell, 2004; Norell 
and Makovicky, 2004; Ji et al., 2005; Mayr et al., 


2005, 2007). Maxillary teeth are more curved 
than the premaxillary teeth. The anteriormost 
maxillary teeth are smaller than the premaxillary 
teeth, and the first two maxillary teeth are more 
slender than the others (fig. 9). The anterior 
three teeth are closely packed, and the middle 
and posterior teeth are loosely packed, as in 
Sinovenator and Mei (Xu et al., 2002; Xu and 
Norell, 2004), in contrast to the condition in Jin¬ 
fengopteryx and derived troodontids (e.g., Byro¬ 
nosaurus and Zanabazar ) (Makovicky et al., 
2003; Ji et al., 2005; Norell et al., 2009), in which 
all the maxillary teeth are closely packed. Unlike 
many troodontids (e.g., Sinovenator, Sinornithoi- 
des, Troodon, and Zanabazar ) and dromaeosau¬ 
rids, no serrations are present on the maxillary 
teeth, which is the primitive condition in paravi- 
ans (Elzanowski and Wellnhofer, 1996; Makov¬ 
icky et al., 2003; Xu and Norell, 2004). The 
posterior teeth are reduced in size. The last six 
exposed teeth display a constriction between the 
root and the crown, as in many paravian taxa 
(e.g., Xu et al., 2000; Makovicky et al., 2003; 
Wellnhofer, 2009; Pei et al., 2014) except for 
some dromaeosaurids (e.g., Burnham et al., 
2000; Turner et al., 2007). 

Nasal: The right nasal is exposed in quasilat¬ 
eral view in PKUP V1068 (fig. 5). The nasals are 
elongate. Anteriorly, the nasal forms the pos¬ 
terodorsal border of the external naris. Laterally, 
the nasal sutures with the maxilla along a straight 
line, as observed in BMNHC PH804, but does 
not contribute to the dorsal margin of the antor¬ 
bital fossa (fig. 6), as it does in Archaeopteryx, 
dromaeosaurids, and troodontids (e.g., Burnham 
et al., 2000; Makovicky et al., 2003; Rauhut, 2014; 
Pei et al., 2014; Tsuihiji et al., 2014). 
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The nasals are well exposed in dorsal view in 
BMNHC PH822 (fig. 7). They are paired, with a 
straight midline suture between the two elements. 
The nasals are elongate, with a length more than 
three times the width. Anteriorly, the nasal pro¬ 
cesses of the premaxillae insert between the nasals, 
as in other paravians. Posteriorly, the nasals suture 
the frontal with a W-shaped suture typical of para¬ 
vians, but unlike the condition in Zanabazar and 
Gobivenator, where the nasals wedge between the 
frontals (Norell et al., 2009; Tsuihiji et al., 2014). 
The nasals extend posterior to the anterior margin 
of the orbit, a basal paravian condition also 
observed in Jinfengopteryx and Archaeopteryx 
(Mayr et al., 2005; Ji and Ji, 2007). This differs 
from some dromaeosaurids and troodontids, such 
as Tsaagan and Mei, where the suture is anterior 
to the orbit (Xu and Norell, 2004; Norell et al., 
2006). The posterior part of the nasal is broken 
transversely dorsal to the lacrimal in BMNHC 
PH822 and BMNHC PH804 (figs. 6, 7). A similar 
breakage is present in some Archaeopteryx speci¬ 
mens, notably in the Thermopolis specimen 
(Rauhut, 2014), and may reflect the fragility of the 
nasal bones in basal paravians. 

Frontal: The frontals are paired and unfused. 
The right frontal is dislocated from its original 
position in PKUP V1068 (fig. 5). Anteriorly, the 
frontals contact the nasals and the lacrimals. The 
suture with the nasal is W-shaped, as observed in 
BMNHC PH804, BMNHC PH822, Mei, and 
Archaeopteryx (figs. 6, 7) (Xu and Norell, 2004; 
Rauhut, 2014). A notch is developed on the lateral 
edge of the frontal anteriorly, to receive the poste¬ 
rior process of the lacrimal (fig. 5), as in many 
deinonychosaurians (Norell and Makovicky et al., 
2004; Makovicky and Norell, 2004). The frontals 
contact along a straight midline suture. A thick 
supraorbital rim is developed to border the orbit 
in PKUP VI068, which is common in paravians 
(e.g Microraptor, Mei, and Archaeopteryx). Poste¬ 
riorly, the frontal mediolaterally expands in dorsal 
view and bears a W-shaped suture at its contact 
with the parietal, as observed in PKUP V1068 and 
BMNHC PH004. The suture with the parietal 
appears straighter in BMNHC PH822 and 


BMNHC PH823 than in other specimens of this 
taxon (figs. 5-8). 

Lacrimal: The right lacrimal is broken into 
two pieces in PKUP V1068 (fig. 5). The anterior 
and posterior processes are broken away from 
the ventral process and attached to the displaced 
frontal. The remaining parts of the anterior and 
posterior processes are subequal in length, a 
primitive condition of paravians, but in contrast 
to the longer anterior process of derived troodon¬ 
tids (Makovicky et al., 2003; Norell et al., 2009; 
Tsuihiji et al., 2014). Unlike troodontids and 
dromaeosaurids, the lacrimal of PKUP VI068 
lacks a recess ventral to the anterior process (e.g., 
Burnham et al., 2000; Makovicky et al., 2003; Xu 
et al., 2010; Tsuihiji et al., 2014). The lacrimal 
does not bear an expanded supraorbital ridge 
anterodorsal to the orbit, which is different than 
in most troodontids (Makovicky et al., 2003; Xu 
and Norell, 2004; Norell et al., 2009; Tsuihiji et 
al., 2014). The ventral process appears to suture 
the suborbital process of the jugal along a robust 
contact. The ventral process is straight and 
slightly inclined along an anterodorsal-postero- 
ventral axis. The ventral process of the lacrimal 
is bandlike, with almost parallel anterior and 
posterior edges. It bears a distinct posterolateral 
ridge, and borders the orbit anteriorly. 

The lacrimal of BMNHC PH804 is completely 
preserved (fig. 6). The anterior and posterior pro¬ 
cesses of the lacrimal are slender and subequal in 
length, as in Microraptor and basal troodontids 
like Jinfengopteryx (Ji et al., 2005; Pei et al., 2014). 
The anterior process covers the entire dorsal mar¬ 
gin of the antorbital fenestra, as in other paravians 
(Xu et al., 2002; Mayr et al., 2007; Turner et al., 
2012). The posterior process contacts the frontal 
laterally and forms the anterodorsal margin of the 
orbit (fig. 6). Unlike in derived troodontids and 
dromaeosaurids (e.g., Barsbold and Osmolska, 
1999; Xu and Norell, 2004; Pei et al., 2014; Tsuihiji 
et al., 2014), the posterior process is much more 
slender compared to the ventral process of the lac¬ 
rimal. BMNHC PH822 is similar with elongate 
and slender anterior and posterior processes (fig. 
7). As in BMNHC PH804, the anterior process 
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forms the dorsal margin of the antorbital fenestra 
and the posterior process forms the anterodorsal 
margin of the orbit. As both the anterior and pos¬ 
terior processes are extremely slender and fragile 
in Anchiornis, they are easily damaged during 
preservation, collection, or preparation. In 
BMNHC PH823, the anterior and ventral pro¬ 
cesses of the lacrimal are broken apart, and the 
posterior process is missing (fig. 8). 

Jugal: The right jugal is well exposed in 
PKUP V1068, but the posterior end of the bone 
is damaged (fig. 5). The suborbital process of the 
jugal is horizontally oriented, contacting the pos¬ 
terior end of the maxilla. It forms the ventral 
border of the round orbit and contributes to the 
posteroventral corner of the antorbital fossa, 
which is a primitive condition in paravians (Xu, 
2002; Xu and Norell, 2004; Mayr et al., 2005, 
2007). The suborbital process of the jugal is 
straight, with a horizontal groove on the lateral 
surface as seen in many paravians such as 
Microraptor and Sinovenator (Xu, 2002; Xu et al., 
2002; Pei et al., 2014). A shallow concavity is 
developed at the posterior end of the groove in 
lateral view. The postorbital process of the jugal 
tapers posterodorsally, and it is shorter than the 
suborbital process. The jugal of BMNHC PH804 
and BMNHC PH823 is identical to that of PKUP 
V1068 (figs. 6, 8). It is laterally grooved on the 
suborbital process and bears a slender postor¬ 
bital process, which forms -135° angle with the 
suborbital process, typical of primitive paravians. 
Medially, the hooked jugal process of the 
ectopterygoid contacts the jugal at the midpoint 
of the suborbital bar. The quadratojugal process 
of the jugal is observed in BMNHC PH804 and 
BMNHC PH823 (figs. 6, 8). The quadratojugal 
process is slender and short, and confluent with 
the ventral margin of the suborbital process, as 
in Xiaotingia and Microraptor , but not as well 
developed as in anatomically derived dromaeo- 
saurids such as Tsaagan (Xu, 2002; Norell et al., 
2006; Xu et al., 2011). In contrast to Archaeop¬ 
teryx (Foth et al., 2014; Rauhut, 2014) and 
Microraptor (Pei et al., 2014), but as in other the- 
ropods, there is a rounded margin between the 


quadratojugal process and the postorbital pro¬ 
cess, showing no incision. Unlike many deinony- 
chosaurians (e.g., Norell et al., 2006; Tsuihiji et 
al., 2014), the quadratojugal process of the jugal 
of BMNHC PH804 is rodlike and lacks a notch. 

Postorbital: The right postorbital is dislo¬ 
cated in PKUP VI068, and its dorsal portion is 
missing. Only the ventral process is recognizable 
(fig. 5). The slender ventral process is mediolat- 
erally flattened, and about the same size as the 
postorbital process of the jugal. As other paravi¬ 
ans, the postorbital probably has a posterodor¬ 
sally inclined suture with the jugal. The 
postorbital and the jugal form a closed postor¬ 
bital bar as in most theropods including Archae¬ 
opteryx (Rauhut, 2014). An unidentified bone 
ventral to the parietal in BMNHC PH823 pos¬ 
sibly represents the jugal process of the postor¬ 
bital (fig. 8); it is slender as in PKUP V1068. 

Quadratojugal: No trace of the quadratoju¬ 
gal is observed in IVPP V1068. A possible quadra¬ 
tojugal is observed in BMNHC PH804, BMNHC 
PH822, and BMNHC 823 (figs. 6-8). The quadra¬ 
tojugal is reduced in size and L-shaped, without a 
horizontal posterior process, as in Archaeopteryx, 
troodontids, and oviraptorosaurs, but unlike the 
reversed T-shaped quadratojugal in dromaeosau- 
rids (Norell and Makovicky, 2004; Balanoff and 
Norell, 2012; Turner et al., 2012; Pei et al., 2014; 
Tsuihiji et al., 2014). 

Quadrate: The right quadrate of PKUP 
V1068 is exposed in lateral view and the left 
quadrate is exposed in posteromedial view (fig. 
5). The anterior edge of the right quadrate is 
damaged. The quadrate inclines anteroventrally, 
as is typical of most troodontids and Archaeop¬ 
teryx, but different from the vertical quadrate of 
Mei and dromaeosaurids such as Tsaagan, Velo- 
ciraptor, and Microraptor (Barsbold and Osmol- 
ska, 1999; Xu and Norell, 2004; Norell et al., 
2006; Norell et al., 2009; Rauhut, 2014; Pei et al., 
2014). Dorsally, the quadrate contacts the ven¬ 
tral process of the squamosal along a pos¬ 
terodorsally inclined suture, as in dromaeosaurids 
(Norell and Makovicky, 2004). A distinct lateral 
groove is developed on the middle and lower 
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portion of the quadrate shaft. The anterior edge 
of the quadrate blade laterally flares anterior to 
the groove, to form a low ridge, possibly repre¬ 
senting the anterior flange in dromaeosaurid 
dinosaurs. The quadrate is notched below the 
anterior flange, as in Archaeopteryx, Xiaotingia, 
and dromaeosaurids (fig. 5) (Wellnhofer, 1974; 
Xu et al., 2011; Turner et al., 2012). The poste¬ 
rior edge of the quadrate blade is thickened, as 
observed on the left element. The pterygoid 
wing is wider than the jugal wing, as can be 
determined from the exposed ventral edge of 
the left quadrate (fig. 5). The quadrate foot is 
straight and oriented vertically. It is tongue 
shaped and has a bicondylar connection with 
the mandible as is typical of paravians. 

The right quadrate is exposed in lateral view 
in BMNHC PH804 and BMNHC PH822 (figs. 
6, 7). It is triangular in outline and laterally 
grooved. It bears an anterior flange, as in drom¬ 
aeosaurids (Norell and Makovicky, 2004; Turner 
et al., 2012). An anterior notch is developed 
ventral to the anterior flange as in PKUP V1068. 
Medially, the quadrate of BMNHC PH804 
appears to contact with an unidentified element 
that is possibly interpreted as the prequadrate 
wing of the pterygoid (fig. 6). 

Squamosal: A fractured bone piece 
anterodorsal to the quadrate possibly represents 
the ventral process of the squamosal in PKUP 
V1068 (fig. 5). It sutures the quadrate blade and 
forms the posterodorsal margin of the upper 
temporal fenestra. The ventral process of the 
squamosal reaches the midpoint of the quadrate 
shaft and contacts the anterior flange, as in 
dromaeosaurids, but differing from the condi¬ 
tion in troodontids, where the ventral process 
of the squamosal is relatively short. The ventral 
process of the squamosal probably does not 
contact the quadratojugal as in Archaeopteryx 
and troodontids, judging from its length and 
the reduced size of the quadratojugal in 
Anchiornis huxleyi, which is different from 
dromaeosaurids (Norell and Makovicky, 2004). 

Parietal: The parietal is articulated with the 
frontals in PKUP V1068 (fig. 5). The parietal is 


vaulted and is slightly anteroposteriorly shorter 
than the frontal. The parietals are fused in 
PKUP V1068, BMNHC PH804, BMNHC 
PH822, and BMNHC PH823 (although the 
parietal is shattered in BMNHC PH822), as in 
deinonychosaurians (even small-bodied taxa 
such as Mei ), but differing from the paired pari¬ 
etals in Archaeopteryx (Xu and Norell, 2004; 
Mayr et al., 2005, Turner et al., 2012). A weak 
sagittal crest is present along the midline of the 
fused parietals. The parietal-squamosal nuchal 
wing is prominent and tapers posterolaterally in 
dorsal view in BMNHC PH804 and BMNHC 
PH823 (figs. 6, 8). 

Palatal elements: Some palatal elements 
are exposed through the orbit of BMNHC 
PH804 (fig. 6). Both ectopterygoids are pre¬ 
served in their original position in this speci¬ 
men. The ectopterygoid has a concave anterior 
margin, and a jugal process that curves posteri¬ 
orly and joins the jugal at the medial side of the 
suborbital bar, as in other paravians such as 
Archaeopteryx, Dromaeosaurus, and Saurorni- 
thoides (Witmer, 1997; Mayr et al., 2007; Norell 
et al., 2009). Medially, the ectopterygoid con¬ 
tacts the pterygoid. The pterygoid is elongate, 
and its prequadrate wing contacts the quadrate 
posteriorly (fig. 6). The posterior process of the 
palatine is visible through the orbit, anterior to 
the jugal process of the ectopterygoid (fig. 6). 
The posterior process of the palatine is elongate, 
as is typical of paravians (Witmer, 1997; Mayr 
et al., 2007; Tsuihiji et al., 2014). 

Braincase: The supraoccipital is exposed in 
posterior view in PKUP V1068 and BMNHC 
PH822 (figs. 5, 7). It is triangular and bears a 
prominent medial nuchal crest. The paroccipital 
process extends lateroventrally in PKUP VI068 
and BMNHC PH822, as is typical of basal para¬ 
vians. The ventral edge of the paroccipital pro¬ 
cess is thickened. 

The foramen magnum of PKUP VI068 and 
BMNHC PH822 is dorsoventrally shorter than 
wide (figs. 5, 7), which differs from the condition 
in anatomically derived troodontids, but resem¬ 
bles Archaeopteryx, many higher avialans, alva- 
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rezsaurids, and dromaeosaurids (Barsbold and 
Osmolska, 1999; Alanso et al., 2004; Turner et al., 
2007; Perle et al., 1999). In PKUP V1068 and 
BMNHC PH822, the foramen magnum is upside 
down heart shaped, much like the profile in 
Archaeopteryx and modern avians (Alanso et al., 
2004). The occipital condyle of PKUP V1068 is 
slightly smaller than the foramen magnum. The 
condyle is shallow and slightly U-shaped in pos¬ 
terior view, and a constriction is developed at its 
base. Lateral to the occipital condyle and posterior 
to the right paroccipital wing, a small foramen 
represents the opening of cranial nerve XII, and a 
larger opening lateral to it probably represents the 
opening of cranial nerve X and/or XI, as is 
observed in other paravians such as Byronosaurus, 
Zanabazar, Velociraptor, Tsaagan, and Archaeop¬ 
teryx (fig. 5) (Makovicky et al., 2003; Norell et al., 
2004, 2006, 2009; Alanso et al., 2004). 

The ventral surface of the posterior portion of 
the braincase is exposed in PKUP V1068. An 
oval subcondylar recess is developed anterior to 
the occipital condyle and within the basioccipital 
ventrally (fig. 5). This is a novel feature that has 
not been reported in other paravians. The basal 
tubera of PKUP V1068 are weakly developed 
compared with those in dromaeosaurids, in 
which the basal tubera are more distinct and 
ridgelike. The basisphenoid recess is present 
anterior to the basal tubera (fig. 5), which is a 
primitive feature in coelurosaurians, and is 
observed in dromaeosaurids and Archaeopteryx 
but not troodontids (Xu, 2002; Norell et al., 2006; 
Turner et al., 2012; Rauhut, 2014). The basisphe¬ 
noid recess of PKUP V1068 appears heart shaped 
in ventral view, and likely resembles the triple 
openings in the subsphenoid recess of dromaeo¬ 
saurids such as Tsaagan (Norell et al., 2006). A 
rodlike bony element anterolateral to the basi¬ 
sphenoid recess contacts the quadrate medially 
and may represent the basipterygoid process (fig. 
5). It is anteriorly projected, as is typical in basal 
paravians (Xu et al., 2002; Norell et al., 2006; 
Turner et al, 2012). 

A pair of ridges extends anterolaterally from 
the basal tubera in PKUP V1068 (fig. 5), as in the 


unnamed troodontid IGM 100/1126. These ridges 
define a pair of subotic areas ventral to the ventral 
margin of the middle-ear opening. The subotic 
area on each side bears a shallow concavity. This 
subotic area may be homologous to the subotic 
recess of anatomically derived troodontid dino¬ 
saurs (Makovicky et al., 2003; Norell et al., 2009). 
The middle-ear opening is located anterior to the 
base of the paroccipital process (fig. 5). It appears 
elongate as in Troodon (Currie and Zhao, 1993), 
but the detailed otic structure cannot be deter¬ 
mined in the available specimens. 

Dentary: Both dentaries are completely 
preserved in PKUP V1068 (fig. 5). The right 
dentary is exposed in lateral view, partially 
overlapping the medially exposed left dentary. 
The dorsal edge of the anterior tip of the den¬ 
tary slightly turns downward, which is a primi¬ 
tive condition in maniraptorans, and also is 
observed in many other paravians, such as 
Microraptor, Archaeopteryx, Sinovenator, and 
Bambiraptor (Burnham et al., 2000; Hwang et 
al., 2002; Xu et al., 2002; Mayr et al., 2005, 
2007). The dorsal edge of the dentary of PKUP 
VI068 is concave, while the ventral edge is 
convex, which is also observed in troodontids 
such as Byronosaurus (Makovicky et al., 2003). 
A deep groove, penetrated with neurovascular 
foramina, extends along the lateral side of the 
dentary, which was proposed to be a diagnostic 
feature for all troodontid dinosaurs (Makov¬ 
icky et al., 2003), but is also present in other 
paravians such as Buitreraptor and Archaeop¬ 
teryx (Wellnhofer, 1974; Makovicky et al., 
2005). This dentary groove opens posteriorly 
between a distinct posterodorsal ridge and a 
posteroventral ridge in Anchiornis, as in 
Xiaotingia and Aurornis (Xu et al., 2011; Gode- 
froit et al., 2013b). A sheetlike posteroventral 
process of the dentary lies posterior to the cau¬ 
dal opening of the lateral groove and covers the 
anterior portions of the angular and surangular 
(fig. 5). This feature in Anchiornis is similar to 
Eosinopteryx (Godefroit et al., 2013a), but dif¬ 
fers from other paravians (e.g. Osborn et al., 
1924; Xu, 2002; Xu and Norell, 2004; Norell et 
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al., 2006; Wellnhofer, 2009; Pei et al., 2014), in 
which the posteroventral process of the dentary 
tapers. Medially, the dentary bears a deep 
Meckelian groove (fig. 5). 

A partial right dentary is exposed in BMNHC 
PH804 (fig. 6). It is grooved on the lateral side, 
and with two rows of foramina developed later¬ 
ally, as in Microraptor (Pei et al., 2014). The den¬ 
tary is slightly convex on the ventral edge. 
BMNHC PH804 also bears a sheetlike postero¬ 
ventral process, as in PKUP V1068, Eosinopteryx 
and Aurornis (fig. 6) (Godefroit et al., 2013a, 
2013b). In BMNHC PH823, both dentaries are 
exposed in lateral view (fig. 8). The right dentary 
is damaged at the posterior end of the lateral 
groove. The large opening in the right dentary of 
BMNHC PH823 is a preservational artifact and 
is not observed on the left dentary (fig. 8). The 
posteroventral process is also sheetlike in 
BMNHC PH823. 

At least 12 teeth are preserved on the right 
dentary of PKUP VI068 (fig. 9), and 10 dentary 
teeth are preserved on the left dentary of 
BMNHC PH823 (fig. 8). However, 16 dentary 
tooth positions are estimated to have been pres¬ 
ent on each dentary, based on the length of the 
toothrow. The dentary teeth are not serrated, as 
in other basal paravians and some troodontids, 
such as Archaeopteryx, Jinfengopteryx, Byrono- 
saurus, and Gobivenator (Makovicky et al., 
2003; Ji et al., 2005; Mayr et al., 2007; Tsuihiji et 
al., 2014). The dentary teeth of Anchiornis have 
a similar shape and size as the corresponding 
maxillary teeth, with constrictions between the 
roots and tooth crowns, as in other manirap- 
torans. As in Archaeopteryx, but differing from 
troodontids, interdental plates are present along 
the medial side of the dentary toothrow in 
PKUP V1068 (Xu, 2002; Averianov and Sues, 
2007; Foth et al, 2014). 

Splenial: The splenial is exposed medially on 
the left mandible of PKUP V1068 (fig. 5). The 
splenial is a broad sheet that covers the middle 
part of the medial side of the mandible. As in 
Archaeopteryx and other coelurosaurs, the sple¬ 
nial has a roughly triangular medial exposure 


(Elzanowski, 2001). The splenial tapers both 
anteriorly and posteriorly. The broad middle 
portion of the splenial is penetrated by a small 
opening in PKUP V1068, which is not observed 
in other paravians. Unlike deinonychosaurians, 
the splenial of Anchiornis is restricted to the 
medial side of the mandible, without any lateral 
exposure (Currie, 1995; Makovicky et al., 2003; 
Turner et al, 2012). 

Angular: The right angular of in PKUP 
VI068 is laterally exposed and the left angular is 
exposed medially (fig. 5). Laterally, the right 
angular forms the posteroventral margin of the 
mandible. The anterior part of the angular is lat¬ 
erally covered by the sheetlike posteroventral 
process of the dentary. Laterally, the angular 
sutures the surangular extensively, and the exter¬ 
nal mandibular fenestra is not visible in lateral 
view. The external mandibular fenestra is also 
absent in basal avialans such as Aurornis, Eosin¬ 
opteryx, Archaeopteryx, Jeholornis, and Sapeornis 
(Zhou and Zhang, 2003; Mayr et al, 2005, 2007; 
Godefroit et al., 2013a, 2013b), in contrast to the 
distinct external mandibular fenestra of most 
other coelurosaurians (except for some comp- 
sognathids and Ornitholestes ), especially deinon¬ 
ychosaurians. Medially, the angular sutures to 
the prearticular. 

Surangular: The right surangular of PKUP 
V1068 is exposed in lateral view (fig. 5). It forms 
the upper portion of the posterior part of the 
mandible in lateral view. It is dorsoventrally 
broad. A prominent lateral ridge is present on 
the dorsal edge of the right mandible, which is 
typical of many paravians. A small surangular 
foreman lies near the mandible joint on the 
surangular in PKUP VI068 and BMNHC PH823. 
A similar foramen is also present in the referred 
specimen LPM-B00169 and in Xiaotingia, but 
the surangular foramen in Xiaotingia is propor¬ 
tionally larger (Hu et al., 2009; Xu et al., 2011). 
The surangular and the angular are dorsoven¬ 
trally expanded, making the mandible much 
deeper posteriorly than anteriorly, as in Xiaotin¬ 
gia, Aurornis, and Eosinopteryx (Xu et al, 2011; 
Godefroit et al., 2013a, 2013b). 
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FIGURE 10. Cervical series of PKUP V1068. 


Prearticular: The prearticular is partially 
exposed on the left mandible of PKUP V1068 
(fig. 5). It continues from the retroarticular pro¬ 
cess, and sutures the angular ventrally. The 
prearticular curves anterodorsally, as in other 
paravians such as Tsaagan (Norell et al., 2006). 

Articular: The articular forms the bottom 
of the mandibular joint in PKUP V1068 (fig. 5). 
It contributes to a short retroarticular process, 
and a prominence is present posterior to the 
mandibular joint, as in other paravians. As in 
Archaeopteryx, this prominence is mostly medi¬ 
ally expanded and slightly flares dorsally, but is 
unlike the distinctly vertical prominence that is 
characteristic of dromaeosaurids (Norell and 
Makovicky, 2004; Wellnhofer, 2009). 


Postcranium 

Cervical vertebrae: Ten cervical vertebrae 
are preserved in PKUP V1068 (fig. 10), as is typi¬ 
cal of coelurosaurian dinosaurs. They are exposed 
in dorsal view, and are closely associated with 
each other; the first three cervical vertebrae are 
heavily eroded on the dorsal surface. The centra 
of the axis and the 3rd vertebra are shorter than 
those of the 4th to 7th cervical vertebrae. The 
prezygapophyses extend anterolaterally and the 
postzygapophyses extend posterolaterally, giving 
the neural arch an X-shaped pattern in dorsal 
view, which is a common feature shared with 
paravians (Wellnhofer, 1974; Norell et al., 2001). 
On the 4th to 6th cervical vertebrae, a small 
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ridge on the postzygapophyses may represent the 
epipophysis (fig. 10). A lateral lamina lies poste¬ 
rior to the prezygapophyses, posteriorly from the 
4th cervical vertebrae, overhanging laterally to 
the neural arch, which is observed in many the- 
ropods. The centra reach maximum at the 6th 
and 7th cervical vertebrae, which is also the case 
in other paravians, such as Archaeopteryx, Mei, 
and Microraptor (Xu and Norell, 2004; Welln- 
hofer, 2009; Pei et al., 2014). The centra of the 
8th to 10th cervical vertebrae are shortened (fig. 
10). The postzygapophyses of the 7th to 10th cer¬ 
vical vertebrae are more laterally projecting, as in 
Xiaotingia and Archaeopteryx (Xu et al., 2011). 

Ten cervical vertebrae are preserved In 
BMNHC PH804 and exposed in quasilateral 
view (fig. 11). The anterior cervical vertebrae 
bear weak neural spines and, as in PKUP V1068, 
the neural arch is X-shaped in dorsal view. Start¬ 
ing from the 6th vertebra, the postzygapophyses 
are more laterally spread than are the anterior 
ones. The centra are ventrally concave, as 
observed in the 5th to 9th cervical vertebra. 

Ten cervical vertebrae are preserved In 
BMNHC PH822 (fig. 12). The centra are slightly 
laterally concave in dorsal view. The zygapophy- 
ses are prominent, giving the neural arches an 
X-shape in dorsal view, as in PKUP V1068 and 
BMNHC PH804. The anterior cervical vertebrae 
of BMNHC PH822 have flat ventral surfaces. The 
centra are elongate in the anterior and middle 
cervical vertebra, but shorter in the 8th, 9th, and 
10th cervical vertebrae. As in PKUP VI068 and 
BMNHC PH804, the postzygapophyses are later¬ 
ally directed. The cervical ribs are slender and 
longer than the centra in the 3rd to the 7th cervi¬ 
cal vertebrae, and they become shortened poste¬ 
riorly. The cervical rib on the 7th centrum bears 
a groove dorsally along the shaft. 

Dorsal vertebrae: Twelve dorsal vertebrae 
are present in PKUP VI068 (fig. 13). The anterior 
dorsal vertebrae are closely packed, and the centra 
are relatively short, like those of the posterior cer¬ 
vical vertebrae. Most of the dorsal vertebrae are 
laterally exposed, except the anteriormost and the 
last one. Anterior dorsal vertebrae bear short neu- 



FIGURE 11. Cervical series of BMNHC PH804. 

ral spines. The postzygapophyses extend postero- 
laterally from the neural arch, as in other 
paravians, and they are more laterally spread than 
the prezygapophyses. The transverse processes are 
slender on anterior and middle dorsal vertebrae of 
PKUP V1068. In the posterior dorsal vertebrae, 
the postzygapophyses extend posterior to the cen¬ 
tra, and prezygapophyses are restricted and do not 
extend beyond the corresponding centra. As in 
other paravians such as Microraptor, Archaeop¬ 
teryx, Sinovenator, and Mei (Xu et al, 2002; Xu 
and Norell, 2004; Hwang et al., 2002; Pei et al., 
2014), the neural spines are prominent and located 
at the posterior portion of the neural arches. The 
centra of the posterior dorsal vertebrae are elon¬ 
gate and bear lateral concavities as in Archaeop¬ 
teryx and dromaeosaurids (Wellnhofer, 2009; 
Turner et al, 2012). A lateral ridge is developed on 
the centrum at the base of the neural arch, and the 
transverse process is weakly developed. 
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FIGURE 12. Cervical series of BMNHC PH822. 













26 


BULLETIN AMERICAN MUSEUM OF NATURAL HISTORY 


NO. 411 



FIGURE 13. Trunk region of PKUP V1068. 
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FIGURE 14. Trunk region of BMNHC PH804. 


Twelve dorsal vertebrae are preserved in 
BMNHC PH804 (fig. 14). All of the dorsal verte¬ 
brae are exposed laterally. The centra of the ante¬ 
rior and middle dorsal vertebrae are short and 
those of the posterior vertebrae are elongate. In 
the middle dorsal vertebrae, the neural spines are 
high and anteroposteriorly long. The neural arch 
is twice the height of the corresponding centrum, 
which is in common in other paravians such as 
Archaeopteryx, Sinovenator, and Microraptor 
(Hwang et al., 2002; Xu et al., 2002; Wellnhofer, 
2009). The prezygapophyses and postzygapophy- 
ses are lifted above the neural arches, and are 
anterodorsally and posterodorsally directed, 
respectively, in lateral view. Epipophyses are 
observed dorsal to the postzygapophyses, proxi¬ 
mal to the articular facet. The lateral sides of the 
centra are concave but not pneumatic, as in PKUP 
V1068 and Archaeopteryx. The neural spines of 


the middle and posterior dorsal vertebrae have 
slightly anteroposteriorly expanded dorsal edges 
in lateral view (fig. 14), as in Archaeopteryx 
(Wellnhofer, 1974, 2009), but they are not as dis¬ 
tinctly fan shaped as in compsognathids. 

An estimated 12 dorsal vertebrae are present in 
BMNHC PH822 (fig. 15). The centra of the poste¬ 
rior dorsal vertebrae bear lateral concavities. The 
neural arch is twice as high as the centrum, as 
observed in BMNHC PH804. The neural spine is 
square, and positioned relatively posterior on the 
neural arch. The neural spine is relatively long, and 
approaches the neural spine of the preceding verte¬ 
bra. The postzygapophyses are triangular in lateral 
view, and they extend posteriorly beyond the cor¬ 
responding centra. Twelve dorsal vertebrae are also 
counted in BMNHC PH823 (fig. 16). The posterior 
dorsal vertebrae of both specimens have elongate 
centra, as in other specimens of this taxon. 
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FIGURE 15. Trunk region and humerus of BMNHC PH822. 


A partial rib cage is preserved in BMNHC 
PH804 and BMNHC PH822 (figs. 14, 15), 
though some of the dorsal ribs and gastralia are 
displaced from their life position. No trace of 
uncinate processes is observed in these speci¬ 
mens. The dorsal ribs are grooved as in Archae¬ 
opteryx and Microraptor (Wellnhofer, 2009; Foth 
et al., 2014; Pei et al., 2014). As in Archaeopteryx 
and Microraptor, the anterior and posterior dor¬ 
sal ribs of Anchiornis are shorter than the middle 
ones (Hwang et al., 2002; Xu et al., 2003; Welln¬ 
hofer, 2009; Pei et al., 2014). The longest dorsal 


ribs are associated with the 4th or 5th dorsal ver¬ 
tebra in BMNHC PH822, as in Microraptor, but 
in Archaeopteryx the longest dorsal ribs are asso¬ 
ciated with the 8th dorsal vertebra (Wellnhofer, 
2009; Pei et al., 2014). The distal ends of the mid¬ 
dorsal ribs are slightly expanded as in Archaeop¬ 
teryx and Microraptor (Wellnhofer, 2009; Foth et 
al., 2014; Pei et al., 2014), which possibly indi¬ 
cates joints for cartilaginous sternal ribs. Gastra¬ 
lia segments are also present in BMNHC PH804 
and BMNHC PH822 (figs. 14, 15), but only a 
single set of elements is recognized, in contrast 
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FIGURE 16. Trunk region and humerus of BMNHC PH823. 


to some dromaeosaurids, in which the gastralia 
has two sets of elements (Norell and Makovicky, 
1997; Pei et al., 2014). 

Sacral vertebrae: The sacral vertebrae of 
PKUP VI068 are preserved in ventral view (fig. 
17). Five sacral vertebrae are present, which is 
typical of basal paravians (Xu, 2002; Wellnhofer, 
2009). The middle three sacral vertebrae are 
fused together, while the 1st and 5th vertebrae 
are separated from the others. The centra of the 
sacral vertebrae are transversely broad. The ven¬ 
tral surface of the last three sacral vertebrae is 
flat. The middle three sacral vertebrae are appar¬ 
ently larger than the first and the last, as in the 
basal troodontid Sinovenator (Xu et al., 2002). 
Sacral ribs articulate with the brevis shelf in 
PKUP V1068. The 3rd sacral rib is slender, while 
the 2nd, 4th, and 5th sacral ribs are expanded. 
The exposed sacral vertebrae are all fused in 
BMNHC PH804, BMNHC PH822, and BMNHC 
PH823 (figs. 18-20). As observed in BMNHC 
PH823, the neural arches of the sacrum are 
fused, as in Mei (Xu and Norell, 2004; Gao et al., 
2012 ). 


Caudal vertebrae: The caudal vertebrae 
are laterally preserved in PKUP VI068 (fig. 
21A). Twenty-two caudal vertebrae are exposed 
in PKUP V1068, less than in other Anchiornis 
specimens, in which over 30 caudal vertebrae 
are usually preserved. The anteriormost caudal 
vertebrae are not exposed in PKUP V1068, due 
to preservation. The articulations of the caudal 
and the sacral vertebrae are obfuscated by the 
pubis, and thus it is difficult to determine which 
caudal vertebra is the first. The anteriormost 
exposed caudal vertebrae are of comparable 
length to the posterior dorsal vertebrae (figs. 17, 
21), which indicates that more proximal caudal 
vertebrae are not exposed in PKUP V1068. In 
other Anchiornis specimens (Xu et al., 2009; Hu 
et al., 2009), the proximalmost caudal vertebrae 
are significantly shorter than the posterior dor¬ 
sal vertebrae. This is also the condition of 
Archaeopteryx and troodontids (e.g., Xu and 
Norell, 2004; Wellnhofer, 2009). The 6th 
exposed caudal vertebra reaches the maximum 
centrum length, while in other specimens the 
longest centrum is among the 12th-14th caudal 
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FIGURE 17. Pelvic region of PKUP V1068. 


vertebrae. The transition point from shorter 
anterior vertebrae to longer middle and posterior 
vertebrae is difficult to determine in this speci¬ 
men, because all exposed caudal vertebrae are 
relatively elongate. The transition point, if it is 
exposed, should be around the first or second 


exposed caudal vertebra. The longest caudal ver¬ 
tebra is about 1.5 times the length of the last pos¬ 
terior dorsal vertebrae in PKUP V1068. The 
centra of the middle and distal caudal vertebrae 
are elongate. As in Archaeopteryx, the caudal 
prezygapophyses of PKUP VI068 are reduced, 
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FIGURE 18. Pelvic girdle and femora of BMNHC PH804. 


and reach only about one-fourth the length of 
the preceding vertebrae and, therefore, are not as 
extended as those in troodontid and dromaeo- 
saurid dinosaurs. The centra of the caudal verte¬ 
brae are shallow. After the 6th exposed caudal 
vertebrae, the centra begin to reduce in length 
and thickness (fig. 21A). 

In BMNHC PH804, 31 to 32 caudal vertebrae 
are preserved (fig. 22), as in the holotype (Xu et 
al., 2009). This is a higher number than in 
Archaeopteryx, dromaeosaurids, and troodon- 
tids (Norell and Makovicky, 2004; Makovicky 
and Norell, 2004). The anterior caudal vertebrae 


are short and square, with broad transverse pro¬ 
cesses as in Microraptor, but different from the 
elongate transverse processes of troodontids 
(Currie and Dong; 2001; Hwang et al., 2002; Pei 
et al., 2014; Norell et al., 2009). The anterior- 
most caudal vertebrae are significantly short¬ 
ened, as in basal paravians, with only about 
two-thirds the length of the posterior dorsal ver¬ 
tebrae. The centra of the middle and posterior 
caudal vertebrae are elongate. The transition 
from anterior to middle and posterior caudal 
vertebrae begins on the 6th-8th caudal verte¬ 
brae, which is slightly distal compared to 
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FIGURE 19. Pelvic region and left manus of BMNHC PH822. 


Archaeopteryx (5th-6th caudal vertebrae), but 
more proximal than in troodontids (9th-10th 
caudal vertebrae) except for Jinfengopteryx (Ji 
and Ji, 2007). The centrum reaches a maximum 
length at the 13th-14th caudal vertebrae. The 
prezygapophyses can reach one-fourth the 
length of the previous centrum, which is much 
shorter than in dromaeosaurids (Norell and 
Makovicky, 2004). The posterior caudal verte¬ 
brae are concave laterally. The neural spine of 
the 12th caudal vertebra is visible as a low ridge 
in lateral view (fig. 22). This is similar to Archae¬ 
opteryx and dromaeosaurids, where the neural 
spine of each posterior caudal vertebra is 
reduced to a low ridge (Norell and Makovicky, 
1999; Wellnhofer, 2009; Turner et al., 2011), but 
in contrast to troodontids, in which the neural 
spine becomes a sulcus along the neural arch of 
posterior caudal vertebrae (Xu et al., 2002; 
Norell et al., 2009). The chevrons associated 
with the anterior caudal vertebrae are reduced 
and platelike, similar to Archaeopteryx , but dif¬ 
ferent from the rodlike anterior chevrons of dei- 
nonychosaurians (Norell and Makovicky, 1997; 
Wellnhofer, 2009; Norell et al., 2009). The chev¬ 
rons become anteroposteriorly elongate begin¬ 
ning at the 7th caudal vertebra. 

Thirty to 31 caudal vertebrae are estimated to 
be present in BMNHC PH822 (fig. 21B). The 
morphology of the caudal column is identical to 


BMNHC PH804. The anteriormost caudal verte¬ 
brae are reduced and bear broad transverse pro¬ 
cesses. The elongation of caudal vertebra begins 
at the 6th-8th caudal vertebrae like BMNHC 
PH804. The anterior chevrons are short and 
platelike. Distal chevrons are bifurcated anteri¬ 
orly and single headed posteriorly. The prezyg¬ 
apophyses are elongate on posterior caudal 
vertebrae, and can reach one-fourth the length of 
the previous centra. At least 31 caudal vertebrae 
are preserved in BMNHC PH823, since the prox- 
imalmost caudal vertebrae are reconstructions 
(fig. 21C). The transition between the shorter 
anterior caudal vertebrae and longer posterior 
caudal vertebrae likely begins at the 6th-8th ver¬ 
tebrae, as in BMNHC PH804 and in BMNHC 
PH822. The centra are laterally concave except 
for the distalmost caudals. 

Pectoral girdle: The furcula is boomer¬ 
ang shaped in PKUP V1068 (fig. 13), as in 
Microraptor, Archaeopteryx, and Xiaotingia 
(Hwang et al., 2002; Xu et al., 2011; Rauhut, 
2014). As in Microraptor and Archaeopteryx, 
the ventral margin of the furcula is rounded, 
in contrast to Mei and Oviraptor in which a 
prominent hypocleidium is developed (Hwang 
et al., 2002; Xu and Norell, 2004; Nesbitt et al., 
2009; Rauhut, 2014). A U-shaped furcula is 
also exposed in BMNHC PH804, with a 
smooth and rounded ventral margin. The fur- 
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FIGURE 20. Pelvic region of BMNHC PH823. 


cula is anteroposteriorly flattened in BMNHC 
PH822, and has rounded ends (fig. 14). The 
furcula bears an anterior groove in BMNHC 
PH822, but whether this is a preservational 
artifact is unknown. 

In contrast to dromaeosaurids and derived 
avialans, no trace of an ossified sternum is 
observed in these specimens of Anchiornis, as in 
Archaeopteryx and troodontids, where an ossified 
sternum is also not preserved (Zheng et al., 2014). 

Both scapulae are preserved in PKUP V1068. 
Their distal ends are eroded (fig. 13). The scapula 
is slender, at less than half of the humeral thick¬ 
ness. Unlike in deinonychosaurians, such as Mei, 
Microraptor, and Linheraptor (Xu and Norell, 
2004; Xu et al., 2010; Pei et al., 2014), the scapula 
is significantly shortened in Anchiornis huxleyi, 
being around half the length of the humerus, 
which is also the condition of Archaeopteryx and 
Xiaotingia (Wellnhofer, 2009; Xu et al., 2011). 
The right scapula has a curved scapular blade in 


dorsal view, as in Archaeopteryx, Mahakala, and 
Rahonavis (Forster et al., 1998; Wellnhofer, 2009; 
Turner et al., 2011), while the left scapular blade 
is straight in lateral view in PKUP V1068 (fig. 
13). The acromion process of PKUP V1068 is 
small as in other paravians such as Archaeop¬ 
teryx, Xiaotingia, and Sinornithoides (Currie and 
Dong, 2001; Wellnhofer, 2009; Xu et al., 2011). 
The acromion is laterally everted as in basal 
paravians including Xiaotingia, and it projects 
smoothly from the scapular blade, extending 
anteriorly beyond the scapula-coracoid suture as 
in Rahonavis and Sinovenator (Forster et al., 
1998; Xu et al., 2002). Posterior to the acromion, 
the scapula blade is distinctively depressed on 
the medial edge, a condition also present in 
Xiaotingia and Sinovenator (Xu et al., 2002, 
2011). In BMNHC PH804, the left scapula is 
completely preserved and exposed in lateral view 
(fig. 14). It is slightly bowed and about half the 
length of the humerus as in the holotype (Xu et 






34 


BULLETIN AMERICAN MUSEUM OF NATURAL HISTORY 


NO. 411 



FIGURE 21. A, proximally exposed caudal vertebrae of PKUP V1068; B, proximal caudal vertebrae of 
BMNHC PH822; C, proximal caudal vertebrae of BMNHC PH823. 


al., 2009). The scapular blade is bandlike and has 
a rounded distal end. The laterally everted acro¬ 
mion overhangs a groove along the lateral sur¬ 
face of the scapula as in Sinovenator and 
Sinornithoides (Currie and Dong, 2001; Xu et al., 
2002). The scapula of BMNHC PH822 is curved 
in lateral view as in BMNHC PH804 (fig. 14). A 
shallow concavity is present between the acro¬ 
mion and the glenoid fossa as observed in other 
Anchiornis specimens. In BMNHC PH823, the 
ventral margin of the scapula is grooved near the 
glenoid fossa, as in Xiaotingia and other deinon- 
ychosaurians (fig. 16). The ventral rim of the 
scapular blade is thick. 

Only the dorsal edge of the right coracoid is 
exposed in PKUP V1068 (fig. 13). The right 
coracoid of BMNHC PH804 is exposed in pos¬ 
terior/dorsal view (fig. 14). The scapula and the 
coracoid remain unfused. The coracoid is semi¬ 
square, and bares a distinct ventral curve like 
that of the holotype, as is typical of paravians 
(Currie and Dong, 2001; Xu and Norell, 2004; 
Xu et al., 2009). The posterior surface of the 
coracoid is rugose. In BMNHC PH822, the right 


coracoid is partially exposed in anterior/ventral 
view. It is associated with the scapula but 
remains unfused (fig. 15). The exact shape of the 
coracoid is ambiguous due to the poor preserva¬ 
tion. The anterior/ventral surface of the coracoid 
is rugose, probably representing the condition of 
“numerous small pits sculptured on the ventral 
surface of the coracoid” as in the holotype IVPP 
V14378 (Xu et al, 2009). 

Humerus: Both humeri are well preserved in 
PKUP VI068, and are exposed in posterolateral 
view (figs. 23, 24). The proximal end of the 
humerus is slightly expanded. The deltopectoral 
crest is proximally positioned, making up about 
one-sixth the length of the humeral shaft (fig. 
24), as in the holotype (Xu et al., 2009). The del¬ 
topectoral crest is proportionally short com¬ 
pared with most other paravians, but is a 
common feature in other Late Jurassic paravians 
from the Jianchang area, such as Xiaotingia, 
Aurornis, and Eosinopteryx (Xu et al., 2011; 
Godefroit, et al., 2013a, 2013b). An extremely 
reduced deltopectoral crest is also present in 
ornithomimids (Makovicky et al., 2004). The 
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FIGURE 22. Proximal caudal vertebrae of BMNHC PH804. 


humeral shaft of PKUP V1068 is straight, and 
about 1.2 times the length of the ulna. The 
diameter of the humeral shaft remains constant 
except at the distal end, where it curves anteri¬ 
orly and becomes anteroposteriorly flattened in 
lateral view (figs. 22,23). This feature is observed 
in all Anchiornis specimens, and a distinct cur¬ 
vature at the distal end of humerus is also pres¬ 
ent in many basal paravians such as Rahonavis, 
Mei, and Archaeopteryx (O’Connor and Forster, 
2000; Xu and Norell, 2004; Foth et al., 2014). 
The radial condyle is weakly developed in lateral 
view, and a weak ectepicondyle attaches to the 
radial condyle anteriorly. The entire forelimb, 
including the humerus, is elongate in Anchiornis 
compared to dromaeosaurids and troodontids, 
which is a primitive condition for basal paravi¬ 
ans (Currie and Dong, 2001; Xu and Norell, 
2004; Zhang et al., 2008; Turner et al., 2012). As 
in the Anchiornis huxleyi holotype, but, unlike 
in Archaeopteryx and derived avialans (Chiappe 
et al., 1999; Xu et al., 2009; Wellnhofer, 2009; 
Zhou and Zhang, 2003), the humerus is shorter 
than the femur in PKUP V1068. 

The left humerus is straight in posterolateral 
view in BMNHC PH804 (fig. 25). The deltopec- 
toral crest is short, as in PKUP VI068. Distally, 
the posterior edge of the humerus curves anteri¬ 


orly, but the radial condyle is relatively larger 
than in PKUP V1068. A groove is present along 
the right humeral shaft posteriorly in BMNHC 
PH804 (fig. 26). Both BMNHC PH822 and 
BMNHC PH823 have a reduced deltopectoral 
crest, as in the holotype and other specimens of 
Anchiornis (figs. 15, 16). In BMNHC PH822, the 
humerus is straight along most of the shaft, but 
the distal end of the humerus curves anteriorly 
in lateral view as in other specimens of Anchior¬ 
nis (fig. 15). The humeral shaft of BMNHC 
PH823 is slightly sinusoidal and not as straight 
as in other specimens (fig. 16). 

Ulna and radius: Both the right and left 
ulnae and radii are well exposed in PKUP 
V1068 (figs. 23, 24). The ulna and radius are 
straight, as in the Anchiornis type specimen and 
Archaeopteryx (Wellnhofer, 1974; Xu et al., 
2009). The ulna is slender and shorter than the 
humerus, and slightly more robust than the 
radius, as in Archaeopteryx and troodontids, but 
differs from many dromaeosaurids in which the 
radius is considerably thinner than the ulna 
(Xu, 2002; Hwang et al., 2002; Turner et al., 
2012). The diameter of the midshaft of the left 
ulna is about 60% of the humerus and 120% of 
the radius. The proximal end of the ulna is 
slightly expanded, with a weak olecranon pro- 
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cess. The ulna shaft is mostly straight, with the 
distal end slightly bowed inward. This is differ¬ 
ent from some other paravians (e.g., Mei and 
Microraptor), where the ulna is distinctly bowed 
both proximally and distally (Gauthier, 1986; 
Xu and Norell, 2004; Pei et al., 2014). The radius 
is shorter and more slender than the ulna in 
PKUP VI068. The radius is straight, with both 
ends slightly expanded. The distal end of the 
radius has a flat contact face with the radiale. In 
BMNHC PH804, BMNHC PH822, and 
BMNHC PH823, both the ulna and the radius 
are straight, and the ulna is only slightly more 
robust than the radius (figs. 25-27). The mor¬ 
phology of the ulna and the radius are identical 
as in PKUP V1068 (figs. 25-27). 

Carpals: In PKUP V1068, the radiale is a 
thick disklike element, positioned between the 


radius and the semilunate (figs. 28, 29). It has a 
flat proximal surface and rugose distal surface on 
the left wrist. In the right wrist, a stout carpal 
between the semilunate and the medial condyle 
of the radius may represent the radiale. 

The semilunate of PKUP VI068 is larger 
than the radiale. It is subtriangular to crescent 
shaped in dorsal view (fig. 29). Proximally, it 
contacts the radiale. Distally the semilunate 
covers the proximal end of metacarpals I and II 
on the left manus, and possibly slightly contacts 
metacarpal III, as in the referred specimen 
LPM-B00169 and some paravians, such as Dei- 
nonychus (Ostrom, 1969; Gishlick, 2001; Hu et 
al., 2009). This condition differs from the holo- 
type where the semilunate appears attached 
only on metacarpal II and metacarpal III. On 
the right wrist, the semilunate covers the proxi- 
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FIGURE 24. Right forelimb of PKUP V1068. 


mal end of metacarpal II, and possibly contacts 
both metacarpals I and III. As a contrast, the 
semilunate contacts only metacarpals I and II in 
Archaeopteryx (Wellnhofer, 2009). 

In BMNHC PH804 the radiale is a platelike 
element located between the semilunate and the 
radius (fig. 25). In the left wrist of BMNHC 
PH804, the semilunate contacts the proximal end 
of metacarpal I and II (fig. 25), as in PKUP V1068. 
In BMNHC PH822, a disklike radiale is present 
on the right wrist (fig. 30). The semilunate is cen¬ 
tered on the proximal end of metacarpal II, but 
possibly contacts metacarpal I and metacarpal III 
as well. Considering the various positions of the 
semilunate observed in different Anchiornis speci¬ 


mens, this variation is likely a preservational arti¬ 
fact (also see in the Discussion). 

Manus: The manus of Anchiornis is elongate as 
in Xiaotingia and Archaeopteryx (Wellnhofer, 
1974; Xu et al., 2011). In PKUP V1068, metacar¬ 
pal I is the shortest metacarpal, and closely 
attaches to metacarpal II (figs. 28, 29). The dorsal 
surface of metacarpal I is flat on the right manus, 
but bears a groove on the left manus (possibly due 
to postmortem compression). A sharp ridge is 
developed dorsomedially on the proximal half of 
the metacarpal I shaft as in Archaeopteryx and 
Sinornithoides (Wellnhofer, 1974; Currie and 
Dong, 2001). The shaft of metacarpal II is straight, 
with both ends expanded. The distal end of meta- 
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FIGURE 25. Left forelimb of BMNHC PH804. 


carpal II bears two condyles, and the medial con¬ 
dyle is more developed than the lateral condyle. 
The diameter of the shaft is about the same as 
metacarpal I. Metacarpal III is slender and slightly 
shorter than metacarpal II, as in other paravians. 
It is distinctly bowed in PKUP V1068, as in 
Xiaotingia (Xu et al., 2011). A slight curvature of 


metacarpal III is also observed in the Anchiornis 
holotype and the referred specimen LPM-B00169 
(Xu et al, 2009; Hu et al, 2009), as well as in 
Archaeopteryx and some other maniraptorans 
such as Sinornithoides, Velociraptor, and Deinony- 
chus (Ostrom, 1969; Wellnhofer, 1974; Norell and 
Makovicky, 1999; Currie and Dong, 2001; 
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FIGURE 26. Right forelimb of BMNHC PH804. 

Gishlick, 2001). Unlike in Xiaotingia, but as in 
other paravians, metacarpal III is more slender 
than metacarpal II (Xu et al., 2011). The proximal 
end of metacarpal III is slightly expanded. 

Phalanx 1-1 is slightly bowed in PKUP V1068. 
It is about 70% the length of metacarpal II, but 
with the same thickness as metacarpal II (figs. 
28, 29). A deep and round ligament pit is present 
on the distal condyle of phalanx 1-1. As in 
Archaeopteryx but differing from the condition 
in Microraptor, phalanx II-l is shorter than pha¬ 
lanx II-2 (Hwang, et al., 2002; Foth et al., 2014). 
Phalanx II-2 is about the same length as phalanx 
1-1, and is slightly curved, as in the holotype and 
LPM-B00169 (Xu et al., 2009; Hu et al, 2009). 
The shaft of phalanx II-1 has a roughly constant 
diameter, but the shaft of phalanx II-2 decreases 
distally. Phalanx III-1 and phalanx III-2 are the 
shortest phalanges, and are slightly bowed on the 
left manus. Phalanx III-3 is also ventrally curved, 
and it is longer than phalanx III-1 and phalanx 
III-2 combined, as is typical of paravians (Welln- 
hofer, 1974; Norell and Makovicky, 1999). 

Manual ungual phalanges of PKUP VI068 are 
distinctly curved as in most paravians. Unlike 
advanced maniraptorans (including Archaeop¬ 


teryx), the manual claws are not markedly 
upcurving, which represents a primitive condi¬ 
tion of coelurosaurians. Ungual phalanx 1-2 has 
a curvature over 90°, and it articulates phalanx 
1-1 on the dorsal half of its proximal end. The 
articular facet is more dorsally placed on ungual 
phalanx II-3 compared with ungual phalanx 1-2. 
Ungual phalanges 1-2 and II-3 are about the 
same size, while phalanx III-4 is the smallest and 
is not as curved as phalanx 1-2 (fig. 29). A proxi- 
modorsal lip is present immediately dorsal to the 
articular surface of each ungual phalange, as in 
other pennaraptorans (Foth et al., 2014). 

In BMNHC PH804, the right metacarpals are 
not well exposed, and the left metacarpals are 
not fully prepared (figs. 25, 26). Phalanges 1-2 
and II-2 appear to be curved in the left manus, 
as in other specimens of Anchiornis. The ungual 
phalanx is relatively small and not as curved 
compared with other Anchiornis specimens. The 
articular surface of ungual phalanx II-3 is dor- 
sally located. As in PKUP V1068, each ungual 
phalange has distinct proximodorsal lip. 

In BMNHC PH822, metacarpal I is one-third 
the length of metacarpal II, and is relatively 
shorter than in PKUP VI068. Metacarpal III is 
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slender and straight in dorsal view (figs. 30, 31). 
Phalanx 1-2 appears more robust than metacar¬ 
pal II. Phalanges 1-2, II-3, and III-4 are straight 
on the right manus, but slightly curved on the 
left manus, probably due to the angle of observa¬ 
tion. For ungual phalanx II-3, the articular facet 
is dorsally positioned and it makes up less than 
one-third the posterior edge of the phalanx. The 
ungual phalanges are distinctly curved and bear 
distinct proximodorsal lips, as in the holotype 
and PKUP V1068. 

Ilium: The pelvic girdle is preserved in ven¬ 
tral view in PKUP VI068, unlike the rest of the 
skeleton, which is mostly exposed in dorsal view. 
The right ilium is deformed due to compression, 
and preserved as a bone sheet (fig. 17). The right 
ilium is about half the length of the femur. 

In BMNHC PH804, the left ilium is well 
exposed in lateral view (fig. 18). The anterior 
process has a squared anterior end, as in the 
holotype and dromaeosaurids, but differing from 
Xiaotingia and Archaeopteryx in which the ante¬ 
rior end of the ilium is more rounded (Norell 
and Makovicky et al., 1999; Xu et al., 2009, 2011). 
The anterior tip of the anterior process is slightly 
ventrally hooked, as in the holotype (Xu et al., 
2009). The posterior process projects horizon¬ 
tally, except for a slight ventral curvature at the 
posterior end as in many dromaeosaurids (Norell 
and Makovicky, 1999; Burnham et al., 2000; 
Turner et al., 2011; Pei et al., 2014). As a contrast, 
this ventral curvature is absent in the basal 
troodontids such as Sinovenator, Mei, and Jinfen- 
gopteryx (Xu et al., 2002; Xu and Norell, 2004; Ji 
et al., 2005; Gao et al., 2012). As in Archaeopteryx 
(Wellnhofer, 1974, 2009), the cuppedicus fossa of 
BMNHC PH804 is broadly exposed anterior to 
the pubic peduncle and faces laterally. It is pro¬ 
portionally larger than in basal deinonychosau- 
rians like Sinovenator and Mahakala (Xu et al., 
2002; Turner et al., 2007, 2011). The pubic 
peduncle is larger than the ischiadic peduncle, 
and is more ventrally extended, as in Archaeop¬ 
teryx and troodontids (Wellnhofer, 1974; Xu et 
al., 2002; Tsuihiji et al., 2014). The acetabulum 
bears a mediodorsal wall, which is also observed 



FIGURE 27. Right ulna and radius of BMNHC 
PH822. 

in the holotype IVPP V14378 and BMNHC 
PH822 (Xu et al., 2009). 

The right ilium is exposed in lateral view in 
BMNHC PH822 (fig. 19). The anterior process 
extends horizontally and slightly curves ven¬ 
trally at the anterior end. The anterodorsal mar¬ 
gin of the anterior process is damaged, and the 
ilium probably has a square anterior end as in 
the other Anchiornis specimens. The posterior 
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FIGURE 28. Left manus of PKUP V1068. 


and anterior processes are subequal in size. The 
posterior end of the ilium forms an acute angle. 
A supraacetabular crest is developed, as in the 
holotype and LPM-B00169 (Xu et al., 2009; Hu 
et al., 2009). The pubic peduncle is anteroposte- 
riorly expanded and extends more ventrally 
than the ischiadic peduncle, as in BMNHC 
PH804 and LPM-B00169 (Hu et al., 2009). A 
laterally faced cuppedicus fossa is developed 
anterior to the pubic peduncle. A horizontally 
oriented brevis shelf is developed ventral to the 
postacetabular blade. 

In BMNHC PH823, both ilia are well pre¬ 
served (fig. 20). The paired ilia approach each 


other anteriorly in dorsal view. The angle between 
the ilia is about 30° in dorsal view. The anterodor- 
sal edge of the ilium is damaged and its shape is 
hard to determine, but it curves slightly ventrally 
as in LPM-B00169. The posterior process is 
slightly longer than the anterior process, and also 
ventrally curves at the tip, as in LPM-B00169 
and dromaeosaurids (Hwang et al., 2002; Hu et 
al., 2009; Turner et al., 2011). The ventral curva¬ 
tures of the anterior and posterior tips of the ilia 
are also present in dromaeosaurids such as 
Mahakala, Microraptor, but only an anterior cur¬ 
vature is present in troodontids such as Sinove- 
nator (Xu et al., 2000, 2002; Turner et al., 2007). 
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FIGURE 29. Right manus of PKUP V1068. 


Pubis: The pubes of PKUP V1068 are articu¬ 
lated with each other distally, and exposed in ante¬ 
rior view (fig. 17). The orientation of the pubis is 
unknown due to compression. The pubis is about 
80% the length of the femur. The pubic shaft is 
bowed as in other paravians, such as Archaeop¬ 
teryx, Sinovenator, and Microraptor (Wellnhofer, 
1974; Xu et al., 2002; Xu et al., 2003). It is medio- 
laterally flat near the proximal end, but becomes 
rounded at the midshaft, and is anteroposteriorly 
flat distally. The pubic apron is developed from the 
distal one-third of the pubis, as in Archaeopteryx, 
but is proportionally shorter than in Sinovenator 
(Xu et al., 2002; Wellnhofer, 2009). The pubic 
apron of PKUP VI068 lacks the slitlike opening 
present in deinonychosaurians, such as Sinovena¬ 
tor and Velociraptor (Norell and Makovicky, 1999; 
Xu et al., 2002). The pubic boot of PKUP V1068 
has no anterior expansion. The lateral edge of the 
pubis is smooth, and does not bear a lateral ridge 
such as the one that is present in some basal 
troodontids and some basal dromaeosaurids like 
Sinovenator and Microraptor (Xu et al., 2002; Pei 
et al., 2014). 

The pubis of BMNHC PH804 is ventrally ori¬ 
ented as in basal deinonychosaurians (fig. 18) 
(Norell and Makovicky, 2004). It is mediolater- 


ally flat proximally, but twists to become antero¬ 
posteriorly flat at the midshaft. The pubic boot is 
rounded anteriorly and expanded posteriorly. 
The posterior expansion of BMNHC PH804 is 
bladelike, more prominent than in the referred 
specimen LPM-B00169, and similar to some 
dromaeosaurids, such as Bambiraptor (Burnham 
et al, 2000; Hu et al., 2009). A large and posteri¬ 
orly expressed pubic boot is also present in 
Unenlagia and Archaeopteryx (Novas and Puerta, 
1997; Foth et al., 2014). 

The pubis is anteroventrally positioned in 
BMNHC PH822 (fig. 32). The pubis is bowed 
and about 80% the length of the femur in lateral 
view, as in PKUP V1068. Proximally, the pubic 
shaft is anteroposteriorly expanded and distally 
it is mediolaterally flat. The pubic boot is antero¬ 
ventrally rounded, but with a prominent poste¬ 
rior expansion, as in BMNHC PH804. 

Ischium: The ischia are not well exposed in 
PKUP V1068 or BMNHC PH822. Both ischia 
are present in BMNHC PH804 (fig. 18). The 
ischial shaft is short, about one-third the length 
of the pubis, which is typical in Anchiornis, and 
similar to that of Aurornis and Eosinopteryx 
(Godefroit et al., 2013a, 2013b). In Xiaotingia, 
Archaeopteryx, and basal deinonychosaurians 
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FIGURE 30. Right manus of BMNHC PH822. 


(Xu et al., 2002, 2011; Hwang et al., 2002; Foth 
et al., 2014), the ischium is also relatively short 
(about 50% the length of the pubis), but is not 
as reduced as in Anchiornis. The obturator pro¬ 
cess is located near the distal end of the ischi¬ 


adic shaft in BMNHC PH804 (fig. 18), like 
Xiaotingia, Archaeopteryx, and basal deinony- 
chosaurians (Wellnhofer, 1988; Hwang et al., 
2002; Xu et al., 2002, 2011). As in the type spec¬ 
imen IVPP V14378 (Xu et al., 2009), the obtu- 
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FIGURE 31. Femora of PKUP V1068 and BMNHC PH823. A, left femur of PKUP V1068; B, right femur of 
PKUP V1068; C, left femur of BMNHC PH823; D, right femur of BMNHC PH823. 


rator process of BMNHC PH804 has a ventrally 
pointed extension that is also present in Archae¬ 
opteryx and other Jianchang paravians such as 
Xiaotingia, Aurornis, and Eosinopteryx (Welln- 
hofer, 1988; Xu et al., 2011; Godefroit et ah, 
2013a, 2013b). The tip of the ventral extension 
is damaged in BMNHC PH804, but it appears 
rounded in the type specimen IVPP V14378 
(Xu et al., 2009). The ischial shaft tapers pos- 
teroventrally in BMNHC PH804 and other 
Anchiornis specimens, including the type speci¬ 
men (Xu et al., 2009). 

The ischia in BMNHC PH823 are exposed 
in lateral view (fig. 20). It is reduced in length, 
about 30% the length of the femur. Proximally, 


the iliac and pubic peduncles are subequal in 
size, and the squared pubic peduncle projects 
further anteriorly. The lateral surface of the 
ischium is flat. An obturator process is present 
near the distal end of the shaft as in other 
basal paravians (Xu et al., 2002, 2011; Hwang 
et al., 2002; Godefroit et al., 2013b; Foth et al., 
2014), while the ventral extension of the obtu¬ 
rator process is not well exposed in this speci¬ 
men. The posterior margin of the ischium is 
relatively smooth, lacking a distinct pos- 
terodorsal process that is present in Rahonavis 
(Forster et al., 1998). The distal end of the 
ischium tapers posteroventrally as in the type 
specimen (Xu et al., 2009). 
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FIGURE 32. Femora and right pubis of BMNHC PH822. 
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FIGURE 33. Tibiotarsi of BMNHC PH804, BMNHC PH822, BMNHC PH823, and PKUP V1068. A, left 
tibiotarsus of PKUP V1068; B, right tibiotarsus of PKUP V1068; C, left tibiotarsus of BMNHC PH804; D, 
right tibiotarsus of BMNHC PH804; E, left tibiotarsus of BMNHC PH822; F, right tibiotarsus of BMNHC 
PH822; G, left tibiotarsus of BMNHC PH823; H, right tibiotarsus of BMNHC PH823. 


Femur: Both femora are well preserved in 
PKUP V1068 (fig. 31). The right femur is exposed 
in lateral view and the left femur is exposed in 
posterolateral view. The femur is anteriorly 
bowed, a typical condition of theropods (Gauth¬ 
ier, 1986). The femur of PKUP V1068 is elongate, 
about 150% length of the skull, which is rela¬ 
tively longer than other Anchiornis specimens 
and Archaeopteryx. However, this could be allo- 
metric variation. Distally, the lateral condyle of 
femur is rounded and projects anteriorly from 
the femoral shaft. 

The femora are bowed in BMNHC PH804 
(fig. 18), about 120% the length of the skull. The 
greater trochanter is separated from the lessor 
trochanter by a notch. The greater trochanter of 
BMNHC PH804 is more proximally positioned 
than the lesser trochanter as in other paravians 
such as Archaeopteryx, Sinovenator, and 
Mahakala (Wellnhofer, 1988; Xu et al., 2002; 
Turner et al., 2007). A sharp crest representing 
the posterior trochanter is developed distal to the 


base of the greater trochanter on the posterior 
side of the femur, as in other maniraptorans (e.g., 
Norell and Makovicky, 1997; Wellnhofer, 2009; 
Turner et al., 2011). In BMNHC PH822, the 
femur is about 125% the length of the skull. 
Unlike other Anchiornis specimens, the proximal 
end of the lesser trochanter appears higher than 
that of the greater trochanter (fig. 18), but this 
could be a preservational artifact (fig. 32). An 
ectocondyle is developed posterolateral on the 
distal end of the femur, separated from the lateral 
condyle by a shallow notch, which is a condition 
widely distributed in theropods. In BMNHC 
PH823. The lesser and greater trochanters are 
separated by a shallow groove (fig. 18). A poste¬ 
rior trochanter is developed distal to the great 
trochanter on the posterior side, as is typical of 
maniraptorans (fig. 31). The femur is about 125% 
the length of the skull in BMNHC PH823. 

Tibiotarsus: Tibiae are well preserved in PKUP 
V1068, BMNHC PH804, BMNHC PH822, and 
BMNHC PH823 and have similar morphology in 
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FIGURE 34. Right pes of PKUP V1068. 


all specimens (fig. 33). The tibia is long and straight, 
about 140%-155% the length of the femur. Proxi- 
mally the tibia is slightly expanded. The cnemial 
crest is moderately developed as in Eosinopteryx 
and Sinovenator (Xu et al., 2002; Godefroit et al., 
2013a). Unlike Archaeopteryx, but similar to 
Mahakala and Microraptor, the distal end of the 
tibia is not significantly expanded (Hwang et al., 
2002; Turner et al., 2007; Wellnhofer, 2009). The 
tibia is not fused with the proximal tarsals in PKUP 
V1068 and BMNHC PH804, and it is hard to deter¬ 
mine whether they are fused in BMNHC PH822 
and BMNHC PH823 due to poor preservation. 

The fibula is present in all four specimens (fig. 
33). Unlike many paravians, the proximal end of 
the fibula is significantly expanded and is antero- 
posteriorly broad at the proximal end of the tibia 
(fig. 33). A prominent anterior crest is developed 
on the proximal end of the fibula. An iliofibularis 
tubercle is present near to the proximal end of 
the fibula and projects laterally as observed in 
PKUP V1068. In BMNHV PH823, the medial 
surface of the proximal fibula is flat, and distally 
becomes slightly grooved. 

An astragalus is exposed on the right side in 
BMNHC PH804 and is not fused to the tibia, like 
Archaeopteryx and many deinonychosaurians 
(e.g., Wellnhofer, 1993; Norell and Makovicky, 
1997; Burnham et al., 2000; Zanno et al., 2011). 
The calcaneum is exposed on the left leg of PKUP 
V1068 (fig. 33). It is subtriangular in lateral view, 
and is not fused to the tibia. The calcaneum is 
square in lateral view in BMNHC PH823. 

Pes: Both feet of PKUP V1068 are exposed in 
dorsolateral view (figs. 28, 34). The right meta¬ 
tarsals are slightly detached from each other and 
damaged on their proximal ends while the left 
metatarsals remain in life position except for 
breakage at midshaft (fig. 34). The metatarsus is 
nearly symmetric as in basal dromaeosaurids 
and Archaeopteryx, but unlike derived troodon- 
tids, in which the metatarsus is asymmetric with 
a significantly wider and longer metatarsal IV 
(Xu et al., 1999; Zanno et al., 2011). Metatarsal II 
is straight, slightly shorter than metatarsal III. 
Both ends of metatarsal II are slightly expanded. 
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and the distal end appears not ginglymoid. Prox- 
imally, metatarsal III is closely pressed by meta¬ 
tarsal II and metatarsal IV as observed in the left 
pes. However, the proximal end of metatarsal III 
is not pinched, and is as transversely wide as 
metatarsal II and metatarsal IV, and thus the 
subarctometatarsalian condition reported in the 
type specimen of Anchiornis (Xu et al., 2009) is 
not observed in PKUP V1068. A subarctometa¬ 
tarsalian pes is present in basal troodontids, 
Sinornithosaurus, and Microraptor (Xu et al., 

1999, 2000, 2002; Makovicky and Norell, 2004), 
but is absent in avialans and other dromaeosau- 
rids (Norell and Makovicky, 2004; Turner et al., 
2012). The proximal end of metatarsal III is also 
exposed broadly in anterior view in the type 
specimen IVPP V14378 and the referred speci¬ 
men LPM-B00169 (Xu et al., 2009; Hu et al., 
2009), and it is not significantly constricted com¬ 
pared with metatarsal II and metatarsal IV, which 
resembles the condition of Archaeopteryx and 
Mahakala (Wellnhofer, 1974; Turner et al., 2011), 
but unlike the strongly pinched metatarsal III of 
Sinovenator, Mei, and Microraptor (Xu et al., 

2000, 2002; Xu and Norell, 2004). Therefore, we 
considered the pes of Anchiornis as normal 
instead of arctometatarsalian in this study. The 
distal end of metatarsal III is ginglymoid in 
PKUP V1068, which is a primitive condition for 
paravians. Metatarsal IV is about the same size 
as metatarsal II. The proximal end of metatarsal 
IV is transversely expanded and appears broader 
than metatarsals II and III. Distally, metatarsal 
IV appears ginglymoid in shape (fig. 34). Meta¬ 
tarsal V is preserved proximally on the left foot 
(fig. 28). It is very slender and closely attaches to 
metatarsal IV posterolaterally. Metatarsal V is 
straight in Anchiornis, unlike the bowed metatar¬ 
sal V in Microraptor and Philovenator (Hwang et 
al, 2002; Xu et al, 2012). 

Only the partial distal end of phalanx 1-1 is 
exposed on the right pes of PKUP V1068, which 
indicates metatarsal I is possibly attached to the 
posterolateral side of metatarsal II (fig. 34), as in 
Microraptor, Aurornis, and Archaeopteryx (Mayr 
et al., 2005, 2007; Godefroit et al, 2013b; Pei et 



FIGURE 35. Left pes of BMNHC PH804. 
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FIGURE 36. Right pes of BMNHC PH804. 


al., 2014). Phalanx II-1 is similar in length of 
phalanx II-2, a primitive condition resembling 
that in Archaeopteryx, but differs from the condi¬ 
tion in most deinonychosaurians, in which pha¬ 
lanx II-2 is significantly reduced (Gauthier, 1986; 
Makovicky and Norell, 2004; Norell and Makov- 
icky, 2004; Turner et al., 2012; but see Csiki et al., 
2010). Phalanx II-2 bears a weak ventral heel 
proximally, but the ventral heel is not as distinct 
as in derived deinonychosaurians (Makovicky 
and Norell, 2004; Norell and Makovicky, 2004). 
Phalanx III-1 is the longest and most robust pha¬ 
lanx, about 115% the length of phalanx II-1 (fig. 
34). Phalanx III-2 is about the same size and 
shape as phalanx II-2, but with a more developed 
dorsal lip proximally. Phalanx III-3 is slender. 
The distal end is similar in size to phalanx III-2. 
Phalanx IV-1 is as robust as phalanx III-1, and is 
about the same length as phalanx II-2. A weakly 
developed constriction lies near the distal end of 
phalanx IV-1. Phalanx IV-2 is as slender as pha¬ 
lanx III-3, but is shorter, at about 70% the length 
of phalanx IV-1. Phalanx IV-3 and phalanx IV-4 
are subequal in size and shape, and shorter than 
phalanx IV-2 (fig. 34). 

Ungual phalanges 1-2, II-3, III-4, and IV-5 
have similar curvature (-70°) (fig. 34), smaller 
than and not as curved as manual ungual 1-2 
(>90°). Phalanx 1-2 is the smallest ungual pha¬ 
lanx. A distinct proximodorsal lip is developed 
on ungual phalanges II-3, III-4, and IV-5. Pha¬ 
lanx II-3 is slightly more robust than III-4, as in 
the holotype, but not as distinctly enlarged as in 
derived troodontids and dromaeosaurids. Ungual 
phalanx IV-5 is smaller than II-3 and III-4. 

In BMNHC PH804, metatarsal I appears short 
and slender (fig. 36). It is attached to metatarsal II 
posterolaterally, and is slightly distal to the mid- 
shaft of metatarsal II. Metatarsal I is not as distally 
located as it is in Epidendrosaurus, Archaeopteryx, 
and Jeholornis, but is similar to the condition in 
troodontids and dromaeosaurids such as Mei, 
Tabs, and Microraptor (Zhang et al., 2002; Zhou 
and Zhang, 2002; Xu and Norell, 2004; Zanno et 
al, 2011; Foth et al., 2014; Pei et al., 2014). Meta¬ 
tarsals II and IV are subequal in length, while 
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FIGURE 37. Left pes of BMNHC PH822. 
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FIGURE 38. Right pes of BMNHC PH823. 


metatarsal IV has a more expanded proximal end. 
Metatarsal III is exposed at the proximal end, but 
is not constricted significantly. On the right pes, 
metatarsal V is slender and splintlike, and is 
attached to metatarsal IV laterally. The morphol¬ 
ogy of the pes of BMNHC PH822 is similar to 
those of PKUP V1068 and BMNHC PH804 (figs. 
37). The left pes is exposed in posterior view. 
Metatarsal III is not constricted in posterior view 
in BMNHC PH822. 

In BMNHC PH804, pedal phalanx 1-1 is less 
than 75% the length of phalanx II-l (figs. 35, 36), 
which is the ancestral condition in most basal 
maniraptorans, and is in contrast to the elongate 
pedal phalanx 1-1 of Archaeopteryx and more 
advanced avialans. An elongate pedal phalanx 
1-1 is also observed in the maniraptoran Epidexi- 
pteryx and Balaur (Zhang et al., 2008; Csiki et al., 
2010; Brusatte et al., 2013). In BMNHC PH804, 
the right pedal phalanx IV-5 appears shorter 
than phalanx IV-4, but the left pedal phalanx 
IV-5 appears longer than phalanx IV-4 (table 1). 
This is mostly due to the incompleteness of the 
ungual phalanges making phalanx length diffi¬ 
cult to determine in many cases. Ungual phalan¬ 
ges of BMNHC PH804 are not as curved as the 
manual ungual phalanges. Ungual phalanx II-3 
is only slightly larger than phalanx III-4, and 
much larger than phalanx IV-5. 

Plumage: Feathers associated with the post- 
cranial skeletons are preserved in BMNHC 
PH804 and BMNHC PH822 as dark imprints 
(figs. 2, 3). Feather impressions in BMNHC 
PH804 are preserved in a better condition than 
in BMNHC PH822, but many of the feathers are 
not fully prepared and the tips are still buried in 
the matrix. The feather impressions of BMNHC 
PH822 are vague and incomplete. The distribu¬ 
tion and the morphology of the feathers resem¬ 
ble other Anchiornis specimens closely (Hu et al., 
2009; Li et al., 2010; Longrich et al., 2012) 

The forelimbs of BMNHC PH804 and BMNHC 
PH822 are covered mostly with pennaceous feath¬ 
ers (figs. 2, 3, 39). In many cases, the rachis is 
observable, but the shape of the feather is uncer¬ 
tain in BMNHC PH804. The exact number and 
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FIGURE 39. A, right wing of BMNHC PH804; B, left wing of BMNHC PH804. 


shape of pennaceous feathers cannot be deter¬ 
mined due to incomplete preparation and unideal 
preservation. Like Archaeopteryx and other 
Anchiornis specimens (Wellnhofer, 2009; Hu et al., 
2009; Li et al., 2010; Longrich et al., 2012), the 
pennaceous feathers are likely more elongate 
approaching the distal end of the forelimb. In con¬ 
tract to Microraptor and derived avialans (Xu et 
al., 2003; Wellnhofer, 2009; Li et al., 2011), the 
pennaceous feathers are more symmetrical and 
shorter, probably lacking aerodynamic functions. 
On the right arm of BMNHC PH 804 (fig. 39), at 
least two tiers of pennaceous feathers could be 
recognized, which supports the stacking pattern 
observed in Archaeopteryx and Anchiornis as sug¬ 
gested by Longrich et al. (2012). Multiple layers of 
forelimb pennaceous feathers are also observed in 
BMNHC PH822. 

Impressions of pennaceous feathers are asso¬ 
ciated with the hindlimbs of BMNHC PH804 
and BMNHC PH822, which represents a typical 
condition in primitive paravians (fig. 2) (Xu et 
al., 2003). In contrast to Microraptor but like 
other Anchiornis specimens (Hu et al., 2009; Li et 
al., 2010, 2011), feather impressions are also 
observed associated with the pedal phalanges. 


The proximal portion of the tail appears cov¬ 
ered mostly by plumulaceous features, as no 
trace of rachides is observed, though some of the 
most proximal feathers appear to have a vague 
pennaceous outline (fig. 22). The length of the 
features decreases rapidly along the anterior one- 
third of the tail, and the shortened plumulaceous 
feathers are observable until at least the 15th 
caudal vertebra. A similar plumage configuration 
of the proximal portion of the tail is also observed 
in the referred specimen LPM-B00106 and other 
Jianchang paravians such as Eosinopteryx and 
Aurornis (Hu et al., 2009; Godefroit et al., 2013a, 
2013b), but this pattern has not been preserved 
in Microraptor and Caudipteryx. In Archaeop¬ 
teryx, the proximal portion of the tail appears 
associated with pennaceous feathers rather than 
plumulaceous feathers (Wellnhofer, 2009; Foth et 
al., 2014). The middle and distal portion of the 
tail is preserved with elongate pennaceous feath¬ 
ers that appear almost parallel to the caudal col¬ 
umn, unlike the more expanded tail fan of 
Archaeopteryx (Wellnhofer, 2009). However, it is 
possible that this difference is preservational, as 
the orientation of the tail feathers could be 
changed postmortem. 
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DISCUSSION 

Identity of New Specimens as Anchiornis 

HUXLEYI AND DIAGNOSIS OF THE TAXON 

Anchiornis huxleyi was previously described 
based on the holotype IVPP V14378, and the 
referred specimens LPM-B00169 and BMNHC 
PH828. The holotype has a partial postcranial 
skeleton but is missing all the cranial bones (Xu 
et al., 2009). LPM-B00169 is nearly complete, but 
the cranium is shattered like many other Anchior¬ 
nis specimens (Hu et al., 2009). BMNHC PH828 
preserves a partial skull and partial postcranial 
skeleton (Li et al., 2010). Diagnostic features of 
A. huxleyi recognized by previous authors based 
on the fragmentary holotype IVPP V14378 
include extreme shortness of the ischium and a 
sculpturing pattern of numerous small pits on 
the ventral surface of the coracoid (Xu et al., 
2009). 

All four new specimens (PKUP V1068, 
BMNHC PH804, BMNHC PH822, and BMNHC 
PH823) preserve complete skeletons, and PKUP 
V1068 also preserves an extraordinarily well- 


preserved skull. The extremely reduced ischium 
is present in BMNHC PH804, BMNHC PH822, 
BMNHC PH823, and the previously described 
LPM-B00169, while in PKUP V1068 the ischium 
is not exposed. The anterior/ventral surface of 
the coracoid of BMNHC PH822 is rugose, prob¬ 
ably representing the sculpturing pattern of 
numerous small pits on the ventral surface of the 
coracoid of IVPP V14378. This slight difference 
is likely caused by the state of preservation. 

All four new specimens resemble the holo¬ 
type IVPP V14378 in the morphology of over¬ 
lapping elements. In addition to the extreme 
shortness of the ischium, all reported Anchior¬ 
nis specimens have the following postcranial 
features that are unseen or uncommon in other 
paravians: short and slender scapula that is 
about half the length of the humerus, short del- 
topectoral crest that is less than one-fourth the 
length of the humerus, straight ulna and straight 
radius, proportionally large radiale, significantly 
elongate manus, slightly curving metacarpal III, 
elongate tibiotarsus, fibula with an extremely 
expanded proximal end, and pedal phalanx II-1 
subequal to or slightly shorter than phalanx 
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II-2. Major differences between the holotype 
and the new specimens are the position of the 
semilunate and the proportions, which are 
likely preservational artifacts and allometric 
variations (discussed below). 

In addition, PKUP V1068, BMNHC PH804, 
BMNHC PH822, and BMNHC PH823 have a cra¬ 
nial morphology that is almost identical to the 
referred specimen LPM-B00169. These features 
include: straight nasal process of the premaxilla, 
external naris placed more posteriorly than the 
fourth premaxillary teeth, relatively short rostral 
ramus of the maxilla, enlarged maxillary fenestra, 
deep groove on the lateral surface of the dentary, 
and relatively small surangular foramen. 

Although most of the listed features above 
are also observed in other Jianchang paravians 
such as Xiaotingia, Eosinopteryx, and Aurornis, 
some characters differ in those taxa and are 
discussed below. 

These individual Anchiornis huxleyi speci¬ 
mens, IVPP V14378, LPM-B00169, PKUP 
V1068, BMNHC PH804, BMNHC PH822, and 
BMNHC PH823 are scored separately for a pre¬ 
liminary phylogenetic analysis. Minimum differ¬ 
ences are present in the scorings, and therefore 
all new specimens can be safely referred to 
Anchiornis huxleyi. A complete phylogenetic 
analysis will be included in the future work with 
an expanded version of the latest TWiG (Thero- 
pod Working Group) data matrix (Brusatte et al., 
2014). In this study, we solely use osteological 
features to discuss the taxonomy of Anchiornis 
and related taxa. 

Based on our study of the new fossils in com¬ 
parison with other specimens including the 
holotype, we here revise the diagnosis of Anchior¬ 
nis huxleyi as follows: Anchiornis huxleyi is dis¬ 
tinct from other paravians based on the 
combination of the following features: straight 
nasal process of the premaxilla, relatively short 
rostral ramus of the maxilla, ventrally displaced 
promaxillary fenestra of the maxilla, sheetlike 
posteroventral process of the dentary, rugose 
anterior/ventral surface of the coracoid, short 
deltopectoral crest no longer than one-fourth of 


the humeral shaft, straight ulna, and straight 
radius, extremely short ischium, and fibula with 
an extremely expanded proximal end as antero- 
posteriorly broad as the tibia. Anchiornis huxleyi 
differs from Xiaotingia in having a smaller suran¬ 
gular foramen, a short ischium less than one- 
fourth the length of the pubis, and metacarpal II 
much more robust than metacarpal III. Anchior¬ 
nis huxleyi differs from Eosinopteryx in having 
more than 20 caudal vertebrae. 

Affiliation of Anchiornis huxleyi 

Affiliation to Maniraptora and Paraves 

The morphology of Anchiornis huxleyi can be 
confidently assigned to the Maniraptora. Several 
synapomorphies of Maniraptora are present in 
Anchiornis huxleyi : broad triangular process 
along the lateral edge of the quadrate that con¬ 
tacts the squamosal and the quadratojugal; 
absence of the prefrontal, fused parietals, teeth 
constricted between the root and crown, reduced 
prezygapophyses on the distal caudal vertebrae, 
presence of a semilunate carpal; manual phalanx 
III-3 significantly elongate, and fibular shaft nar¬ 
rowing abruptly below the iliofibularis tubercle. 

In many previous studies a monophyletic 
Paraves is recovered as a clade that includes 
Dromaeosauridae, Troodontidae, and Avialae 
(Gauthier, 1986; Sereno, 1997, Makovicky and 
Sues, 1998; Xu et al., 1999; Hwang et al., 2002; 
Makovicky et al., 2003; Xu and Norell, 2004; 
Makovicky et al., 2005; Novas and Pol, 2005; 
Norell et al., 2006; Turner et al., 2007, 2012; Hu et 
al., 2009; Senter et al., 2012; Brusatte et al., 2014; 
Foth et al., 2014; Lii and Brusatte, 2015). Anchior¬ 
nis huxleyi can be referred to Paraves based on the 
following derived features: shallow maxilla and 
premaxilla below the external naris, T-shaped lac¬ 
rimal; dentary symphyseal region in line with the 
main part of the buccal margin, chevrons anteri¬ 
orly bifurcate on the distal part of the tail, nearly 
symmetric furcula, acromion margin of the scap¬ 
ula with a laterally everted anterior edge, coracoid 
inflected medially from the scapula, forming an 
L-shaped scapulocoracoid, humerus longer than 


2017 


PEI ET AL.: NEW SPECIMENS OF ANCHIORNIS HUXLEYI 


55 


the scapula, ilium with the pubic peduncle much 
larger than the ischiadic peduncle, femur with a 
posterior trochanter, and the distal end of meta¬ 
tarsal III ginglymoid. 

Within Paraves, the affiliation of Anchiornis is 
controversial (Xu et aL, 2009, 2011; Hu et al., 2009; 
Turner et al., 2012; Senter et al., 2012; Foth et al., 
2014). This confusion is caused mainly by the con¬ 
servative morphology of basal paravians. However, 
careful examination of new specimens gives us bet¬ 
ter clue of the affiliation of Anchiornis. 

Comparison with Archaeopteryx 

Anchiornis huxleyi shares many features in 
common with Archaeopteryx that are not present 
in dromaeosaurids and troodontids. Anchiornis 
resembles Archaeopteryx in having: straight nasal 
process of the premaxilla, external naris posterior 
to all premaxillary teeth, fewer than 20 dentary 
teeth, absence of the coranoid eminence, absence 
of lateral exposure of the splenial, and absence of 
an external mandibular fenestra in lateral view. In 
the postcranial skeleton, Anchiornis shares the 
following features with Archaeopteryx : slightly 
bowed metacarpal III, pubic peduncle more ven- 
trally expressed than the ischiadic peduncle, con¬ 
stricted base of the distally located obturator 
process, absence of a slit on the pubic apron, and 
proximal end of metatarsal III unconstricted. All 
of these features are found to be primitive for 
avialans, either as synapomorphies that are 
unique for avialans or synapomorphies of a more 
inclusive coelurosaurian clade that are second¬ 
arily lost in deinonychosaurians. 

Anchiornis also shares the following features 
with Archaeopteryx: enlarged orbit, presence of a 
shallow premaxilla, presence of a promaxillary 
fenestra, enlarged maxillary fenestra, lacrimal 
with slender and subequal anterior and posterior 
processes, dorsal vertebrae with lateral concavi¬ 
ties but not pneumatic foramina, scapula signifi¬ 
cantly shorter and slimmer than humerus, 
manual phalanx III-3 significantly longer than 
III-1 and III-2 combined, supraacetabular crest, 
and ischium with a distally located obturator 
process. However, these features are also present 


in many basal troodontids and dromaeosaurids 
and thus are primitive for Paraves. 

Comparison with Troodontidae 

Previous studies have assigned Anchiornis as 
a basal troodontid (Hu et al., 2009; Turner et al., 
2012; Pei et al., 2014). Hu et al. (2009) sug¬ 
gested Anchiornis and others troodontids have 
the following features in common: large maxil¬ 
lary fenestra, labial surface of dentary bearing a 
distinct groove, closely packed premaxillary 
and dentary teeth in the symphyseal region, and 
dorsal vertebrae and anteriormost caudal verte¬ 
brae bearing relatively long and slender trans¬ 
verse processes. Hu et al. (2009) also suggested 
Anchiornis shares with Mei a large external 
naris extending posteriorly beyond and dorsal 
to the anterior border of antorbital fossa, a lon¬ 
gitudinal groove along dorsomedial margin of 
the jugal, unserrated teeth, and a maxillary 
toothrow approaching the preorbital bar poste¬ 
riorly. However, a large maxillary fenestra, a 
large external naris extending posteriorly 
beyond the anterior border of antorbital fossa, 
a longitudinal groove along dorsomedial mar¬ 
gin of the jugal, unserrated teeth, and long 
transverse processes on dorsal vertebrae and 
anteriormost caudal vertebrae, are also present 
in Archaeopteryx and basal dromaeosaurids 
(Wellnhofer, 1974; Mayr et al., 2005; Makovicky 
et al., 2005; Foth et al., 2014; Pei et al., 2014). 
The primitive pennaraptoran Epidexipteryx also 
has closely packed premaxillary and dentary 
teeth in the symphyseal region (Zhang et al., 
2008). The lateral groove on the dentary and 
maxillary toothrow approaching preorbital bar 
are observed in Archaeopteryx and other non- 
troodontid basal deinonychosaurians such as 
Buitreraptor (Wellnhofer, 1974; Makovicky et 
al., 2005). Thus, these features are all primitive 
to a more inclusive coelurosaurian clade. 

In the phylogenetic analysis of Turner et al. 
(2012), three characters were recovered to sup¬ 
port Anchiornis at the basalmost branch of 
Troodontidae, which include a dorsoventrally 
flattened internarial bar, the anteroventrally 
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inclined quadrate and a subarctometatarsalian 
pes. In scoring based on a new Archaeopteryx 
specimen (Foth et al., 2014), the internarial 
bar of Archaeopteryx is scored as dorsoven- 
trally flat as in troodontids like Sinovenator, 
Byronosaurus, and Zanabazar, and a dorsoven- 
trally flat internarial bar is also observed in the 
dromaeosaurid Microraptor (Pei et al., 2014), 
so this feature is no longer restricted to 
Troodontidae. Both dorsoventrally flat (e.g., 
Eichstatt and Thermopolis specimens) and 
rodlike (e.g., Solnhofen specimen) internarial 
bars are actually observed in Archaeopteryx. 
The anteroventrally inclined quadrate is also 
observed in Archaeopteryx and more basal taxa 
such as Sinosauropteryx and Ornithomimus (Ji 
and Ji, 1996; Wellnhofer, 2009; Rauhut, 2014), 
and thus it is a synapomorphy of a larger clade. 
The arctometatarsalian pes of Anchiornis is 
dubious, and new specimens revealed the pes 
of Anchiornis resembles more the normal 
pedal configuration of Archaeopteyrx than it 
does the arctometatarsalian pes of Microraptor 
and Sinovenator. As discussed above, these 
three characters no longer adequately support 
Anchiornis as a member of Troodontidae. 

As a Jurassic basal paravian, Anchiornis hux- 
leyi differs from troodontids in several features. 
These features include: posteriorly tapering ven¬ 
tral ramus of the maxilla, elongation of the fore¬ 
limb, middle and posterior maxillary teeth 
sparsely spaced, fewer than 20 dentary teeth, 
presence of a basisphenoid recess, wide and dor¬ 
soventrally low foramen magnum, transition of 
elongate caudal vertebrae occurring before the 
10th caudal vertebra and symmetric metatarsus. 
These features are primitive for paravians and are 
found in basal dromaeosaurids and/or basal avi- 
alans, but absent in troodontids. 

Comparison with Deinonychosauria 

Because Anchiornis displays many primitive 
paravians features that are present in both 
troodontids and the basal avialan Archaeopteryx, 
it is necessary to look at derived features of Dei¬ 
nonychosauria in order to distinguish Anchiornis 


from Troodontidae. Anchiornis does not have a 
lateral exposure of the splenial and also lacks a 
specialized raptorial digit II, which differentiates 
it from deinonychosaurians. 

Some features that are regarded as derived 
characters in deinonychosaurians, such as a sub¬ 
arctometatarsalian pes and a raptorial pedal digit 
II, were considered to be present in Anchiornis 
and used as evidence for a troodontid affiliation 
of this taxon (Hu et al., 2009). However, careful 
examination of Anchiornis specimens indicates 
Anchiornis resembles Archaeopteryx in these 
pedal characters. 

The pes of Anchiornis is reported as subarc¬ 
tometatarsalian (Xu et al., 2009; Hu et al., 2009). 
But close examination and comparison of new 
Anchiornis specimens indicate that the proximal 
end of metatarsal III is not significantly con¬ 
stricted. Instead, the proximal end of metatarsal 
III has a subequal width as metatarsals II and IV 
in anterior view, which resembles Archaeopteryx 
and most nontroodontid theropods, but differ¬ 
ent from the subarctometatarsus of basal 
troodontids (e.g. Sinovenator and Mei ) and the 
type specimen of Sinornithosaurus and Microrap¬ 
tor, where the proximal end of metatarsal III is 
significantly reduced in width in anterior view 
compared to metatarsal II and metatarsal IV (Xu 
et al, 1999, 2000, 2002; Xu, 2002; Xu and Norell, 
2004). Anchiornis was also reported to have a 
deinonychosaurian-like pedal digit II (Xu et al., 
2009; Hu et al., 2009). Careful examination of 
more specimens of Anchiornis indicates that 
pedal digit II of these specimens lacks the typi¬ 
cal specialized raptorial condition of deinony¬ 
chosaurians. In Anchiornis, pedal phalanx II-2 is 
not reduced in length and lacks a well-developed 
ventral heel or a constriction at midshaft, which 
is different from deinonychosaurians (Gauthier, 
1986; Turner et al., 2012). Ungual phalange II-3 
of Anchiornis is only slightly larger than other 
pedal ungual phalanges, not as distinctly 
enlarged as in deinonychosaurians. Although 
the pedal digit II of Anchiornis is more derived 
than the configuration of basal maniraptori- 
forms (such as ornithomimosaurians, alva- 
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rezsaurids, and oviraptorosaurians), it still 
exhibits the primitive features (as mentioned 
above) of paravians that is also observed in 
Archaeopteryx (see Turner et al, 2012). As a 
contrast in deinonychosaurians, even the basal 
members of each lineage, such as Mahakala and 
Sinovenator have highly modified and hyperex- 
tensible pedal digit II that is different from 
Anchiornis and Archaeopteryx (Xu et al, 2002; 
Turner et al, 2007, 2011, 2012). 

We consider Anchiornis huxleyi as a basal 
avialan based on derived characters it shares 
with other avialans (Xu et al., 2009; Godefroit et 
al., 2013a; Foth et al., 2014), such as a straight 
nasal process of the premaxilla and the absence 
of an external mandibular fenestra in lateral 
view. Anchiornis also lacks typical deinonycho- 
saurian synapomorphies such as lateral expo¬ 
sure of the splenial, and a specialized raptorial 
pedal digit II, which differentiates Anchiornis 
from deinonychosaurians. 

Variation within Specimens of 
Anchiornis huxleyi 

Though all reported specimens of Anchiornis 
have significant similarities in morphology, some 
variation does exist. PKUP V1068 is the largest 
(based on femoral length) among the four new 
specimens. It differs from the other specimens in 
having a different number of caudal vertebrae. In 
PKUP V1068, only 22 caudal vertebrae are pres¬ 
ent. In contrast, 31 to 32 caudal vertebrae are 
counted in the holotype, BMNHC PH804, 
BMNHC PH822, and BMNHC PH823. How¬ 
ever, the first few exposed caudal vertebrae of 
PKUP V1068 are elongate and longer than the 
last dorsal vertebra, while in other Anchiornis 
specimens, the anterior caudal vertebrae are rela¬ 
tively reduced and significantly shorter than the 
last dorsal vertebra (fig. 17). The first few exposed 
caudal vertebrae of PKUP V1068 also lack the 
prominent transverse processes that are present 
on the anteriormost caudal vertebrae in other 
specimens (figs. 21-C, 22). In PKUP V1068, the 


6th exposed caudal vertebra reaches the maxi¬ 
mum centrum length (fig. 21 A), while in other 
specimens the longest centrum is at ~12th-14th 
caudal vertebrae (figs. 2IB, C, 22). All evidence 
indicates that the proximalmost caudal vertebrae 
of PKUP V1068 are either not exposed or miss¬ 
ing during the severe twist at the pelvic region 
when this specimen was buried. The actual num¬ 
ber of caudal vertebrae in PKUP V1068 should 
be much greater than 22, and likely close to 30. 

The position of the semilunate varies in the 
reported Anchiornis specimens. In the holotype 
IVPP V14378, the semilunate is small and mainly 
covers the proximal ends of metacarpals II and 
III; in LPM-B00169, it covers the proximal ends 
of all three metacarpals (Xu et al., 2009; Hu et al., 
2009). Based on observations of IVPP V14378 
and LPM-B00169, Hu et al. (2009) inferred that 
this difference might be a preservational artifact, 
and the semilunate should have contacted all 
metacarpals in these specimens. In PKUP VI068, 
the left semilunate centers on both metacarpal I 
and metacarpal II, and has a medial process that 
contacts metacarpal III as in LPM-B100169 (fig. 
28). The right semilunate of PKUP V1068 cen¬ 
ters on metacarpal II and possibly has a slight 
contact with both metacarpals I and III (fig. 29). 
In both wrists of BMNHC PH804 and the right 
wrist of BMNHC PH822, the semilunate con¬ 
tacts metacarpals I and II, with no contact with 
metacarpal III (figs. 25, 26, 30). But this observa¬ 
tion may be influenced by the angle of observa¬ 
tion. In BMNHC PH804 and BMNHC PH822, 
the manus is laterally preserved, and thus meta¬ 
carpal III is laterally obscured by metacarpals I 
and II. The preservation state of the wrists of 
PKUP V1068, BMNHC PH804, and BMNHC 
PH822 supports the interpretation of Hu et al. 
(2009) that the semilunate has a possible contact 
with all three metacarpals in Anchiornis huxleyi. 
If this is the case, the wrist structure of Anchior¬ 
nis resembles some derived dromaeosaurids, 
such as Velociraptor and Deinonychus (Ostrom, 
1969; Gishlick, 2001). 

Proportional variations have been reported in 
Anchiornis specimens (Xu et al., 2009; Hu et al., 
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2009). For example, IVPP V14378, PKUP V1068, 
BMNHC PH804, BMNHC PH822, and BMNHC 
PH823 have a femur that is longer than the 
humerus. However, LPM-B00169 is reported to 
have a slightly longer humerus than femur 
(femur/humerus ratio = 0.95) (Hu et al., 2009). 

IVPP V14378, BMNHC PH804, BMNHC 
PH822, and BMNHC PH823 have a femur/ 
humerus ratio between 1.05 and 1.15, but the 
femur of PKUP V1068 is relatively longer (femur/ 
humerus ratio = 1.24). The hindlimb of PKUP 
V1068 is slightly elongate compared with other 
reported Anchiornis specimens. A similar pattern 
is observed in the size-comparable paravian 
Archaeopteryx lithographica (fig. 40). The Berlin 
Archaeopteryx specimen has a skull size close to 
that of the Thermopolis Archaeopteryx specimen, 
but their humerus/femur ratios are 1.13 and 1.21 
respectively (Mayr et al., 2007). Thus, the propor¬ 
tional differences of these Anchiornis specimens 
could be inferred as intraspecies variations as in 
Archaeopteryx lithographica. This agrees with the 
interpretation that the slight elongation of 
hindlimbs of PKUP VI068 is an intraspecies vari¬ 
ation and possibly due to the allometric growth. 
The skull of PKUP V1068 was compressed antero- 
posteriorly during preservation, as evidenced by 
the displacement of the maxilla-lacrimal contact 
and the anteroposteriorly compressed lower tem¬ 
poral fenestra (fig. 5). Therefore, the actual skull 
size of PKUP V1068 should be longer than it 
seems and is the largest among the reported 
Anchiornis specimens, even though the skull of 
PKUP V1068 appears very close in length to that 
of BMNHC PH822 (table 1). 

Comparisons with Pedopenna, Xiaotingia, 
Eosinopteryx, and Aurornis 

Pedopenna daohugouensis (Xu and Zhang, 
2005) is a Jurassic paravian reported in 2005 
based on hindlimbs from the Daohugou area of 
the Yanliao Biota. Pedopenna differs from 
Anchiornis from the proportions of pedal pha¬ 
langes (Xu and Zhang, 2005). The morphology of 
the hindlimb of Pedopenna is conservative, and 


is very similar to the Jianchang paravians. How¬ 
ever, the type specimen (which is also the only 
specimen) of Pedopenna is very poorly preserved 
and prevents further comparison. 

Three Jurassic paravians, Xiaotingia, Eosinop¬ 
teryx, and Aurornis, have been reported from the 
Jianchang area following the discovery of 
Anchiornis huxleyi (Xu et al., 2011; Godefroit et 
al., 2013a, 2013b). All of those other taxa are 
based on single specimens. Xiaotingia was 
reported in 2011, based on a specimen with a 
complete skull and a partial postcranial skeleton, 
missing the tail, partial pectoral girdle, and distal 
hindlimb. Eosinopteryx and Aurornis were 
reported in 2013, both with complete cranial and 
postcranial skeletons. However, several bones of 
these three specimens are shattered and split like 
many other western Liaoning dinosaurs, so they 
provide only limited anatomical information. 

These Jianchang paravians ( Xiaotingia, Eosinop¬ 
teryx, and Aurornis) closely resemble Anchiornis 
huxleyi in a number of characters: straight nasal 
process of the premaxilla, posteriorly placed exter¬ 
nal naris, relatively short rostral ramus of the max¬ 
illa, ventrally displaced promaxillary fenestra, 
dentary with a distinct lateral groove, sheetlike pos- 
teroventral process of the dentary, mandible that is 
significantly deeper posteriorly than anteriorly, 
short deltopectoral crest, straight ulna and radius, 
and extremely expanded proximal end of the fibula. 
An extremely short ischium is also shared by 
Anchiornis, Eosinopteryx, and Aurornis. All recently 
reported paravians from Jianchang County likely 
form a monophyletic group based on their ana¬ 
tomical similarities (also see Foth et al., 2014). 

In the original diagnoses for Xiaotingia, it 
differs from Anchiornis in having the following 
unique features: maxillary posterior ramus has a 
depth at midlength exceeding that of the den¬ 
tary; surangular has a small lateral exposure and 
forms a wide, flat dorsal surface over the poste¬ 
rior part of the mandible; large surangular fora¬ 
men extends over more than 6% of the total 
mandibular length; posterior end of the man¬ 
dible is blunt and dorsoventrally expanded; 
anteriormost caudal centra are less than half as 
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long as the posterior dorsal centra; metacarpal 
III is more robust than metacarpals I and II; and 
manual phalanx II-2 is longer than metacarpal 
II (Xu et al., 2011). In Anchiornis, the subantor- 
bital-fenestra portion of the maxilla (to be clear, 
the posterior ramus [ventral ramus] of the max¬ 
illa is actually thin, but a distance exists between 
the ventral ramus and the antorbital fenestra in 
all specimens of Anchiornis ) is dorsoventrally 
deep and the posterior end of the mandible is 
also dorsoventrally expanded, as in Xiaotingia. 
The proportional differences of the caudal verte¬ 
brae, an elongate surangular foramen, and man¬ 
ual phalanx II-2 longer than metacarpal II are 
likely a result of allometric variation. However, 
other diagnostic features of Xiaotingia, such as 
the surangular with little lateral exposure, form¬ 
ing a wide dorsal surface over the posterior part 
of the mandible, and a much more robust meta¬ 
carpal III, are not observed in any reported 
Anchiornis specimens. Xiaotingia also differs 
from other Jianchang paravians in having a pro¬ 
portionally longer ischium. 

Eosinopteryx is diagnosed by: short snout; lac¬ 
rimal with a longer posterior process; short tail of 
20 caudal vertebrae; chevrons reduced to small 
rodlike elements below the proximal 8th or 9th 
caudals; ilium with a proportionally long, low, 
and distally tapering postacetabular process; 
pedal unguals shorter than corresponding penul¬ 
timate phalanges; and absence of rectrices and 
feathers on the metatarsus (Godefroit et al., 
2013a). In this study we find not all these features 
are diagnostic. The snout of YFGP-T5197 (type 
specimen of Eosinopteryx brevipenna) is broken 
and incomplete, and thus cannot be used for 
comparison. Moreover, the anteroposterior length 
of the preorbital portion of the skull is about 
1.5-2 times that of the orbit, which is the same as 
in Anchiornis. The lacrimal of BMNHC PH804 
has both long anterior and posterior processes, 
but both processes are extremely slender and easy 
to break, so the longer posterior process of the 
lacrimal is not a reliable diagnostic feature of Eos¬ 
inopteryx. Reduced chevrons below the proximal 
8th or 9th caudal vertebrae are observed in other 


Anchiornis specimens, such as BMNHC PH804 
and BMNHC PH822. Anchiornis specimens have 
variation in proportions of pedal phalanges, even 
within the same specimen, such as in BMNHC 
PH804 (see above). A long and low posterior (= 
postacetabular) process of the ilium is also pres¬ 
ent in Anchiornis (e.g., IVPP V14378, BMNHC 
PH804, BMNHC PH822, and BMNHC PH823). 
The absence of rectrices and feathers on the 
metatarsus is possibly a preservational artifact, as 
many Anchiornis specimens only have feathers 
associated with few bones instead of the entire 
body. The characters mentioned above cannot be 
regarded as solid diagnosis to distinguish Eosin¬ 
opteryx from Anchiornis. However, a short tail 
does differentiate Eosinopteryx from Anchiornis. 
Normally more than 30 caudal vertebrae are pre¬ 
served in Anchiornis. Even if only 22 caudal ver¬ 
tebrae are observed in PKUP V1068, it clearly 
does not represent the life condition of that speci¬ 
men. Moreover, the 12th-14th caudal vertebrae 
reach the maximum length in Eosinopteryx, as in 
most Anchiornis specimens, while the 6th exposed 
caudal vertebra reaches the maximum length in 
PKUP V1068. The morphology of Eosinopteryx is 
mostly identical to that of Anchiornis, except for 
the short length of the tail in the former. We 
regard Eosinopteryx as a valid taxon, but firsthand 
examination of the specimen is necessary to fur¬ 
ther confirm this conclusion. 

As mentioned by Godefroit et al. (2013b), 
Aurornis xui (YFGP-T5198) differs from Anchior¬ 
nis huxleyi in having an elongate subnarial pro¬ 
cess of the premaxilla, an elongate posterior 
process of the lacrimal, a relatively shorter and 
more gracile humerus compared to the femur, a 
postacetabular process that is quadrangular in 
lateral view, the presence of a hooked ischium, 
an elongate metatarsal I that is not reduced to a 
splint, and the shorter penultimate phalanges of 
the pedal digits (Godefroit et al., 2013b: supple¬ 
mentary information). However, these features 
are inadequate to differentiate Aurornis from 
Anchiornis as a distinct new taxon. Many cranial 
bones of YFGP-T5198 are shattered, and the pre¬ 
sumed subnarial process is not confluent with 
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the remainder of the premaxilla (Godefroit et al., 
2013b: fig. 2a), and thus likely a misidentifica- 
tion. The elongate piece of bone exposed between 
the shattered nasal and maxilla is possibly the 
vomer or the ventral ramus of the adjacent max¬ 
illa, but this assertion requires further examina¬ 
tion of the specimen to validate it. BMNHC 
PH804 also has an elongate posterior process of 
the lacrimal as in YFGP-T5198. Although the 
long posterior process of the lacrimal is not 
observed in all Anchiornis specimens, it is likely 
a preservational artifact, since this process is 
extremely slender and difficult to preserve. The 
humerus of YFGP-T5198 is relatively shorter and 
more slender than the femur, with a femur/ 
humerus ratio of 1.13, but it is within the range 
that is observed in other Anchiornis specimens 
(discussed above). The posterior (= postacetabu- 
lar) process of the right ilium of YFGP-T5198 is 
more squared than in other Anchiornis, but the 
left posterior (= postacetabular) process of 
YFGP-T5198 is dorsoventrally shallow and has a 
posteroventrally sloping dorsal edge as in other 
Anchiornis specimens (e.g., IVPP V14378, LPM- 
B00169, BMNHC PH804, BMNHC PH822, and 
BMNHC PH823). The elongation of metatarsal I 
in Aurornis is also likely a preservational artifact, 
as no complete metatarsal I is preserved/exposed 
in any reported Anchiornis specimens. Anchior¬ 
nis also shows variation in proportions of pedal 
phalanges, even within the same specimen 
(BMNHC PH804), and thus the shorter penulti¬ 
mate phalanges of the pedal digits also cannot 
differentiate Aurornis from Anchiornis. 

SUMMARY 

Four new specimens of Anchiornis huxleyi 
reveal new osteological details of this important 
paravian taxon. Anchiornis huxleyi exhibits many 
conservative paravian features, and closely 
resembles Archaeopteryx and other paravians 
from Jianchang County, such as Xiaotingia and 
Eosinopteryx. Aurornis xui, however, is likely a 
junior synonym of Anchiornis huxleyi. 


Anchiornis huxleyi shares derived features with 
avialans, such as a straight nasal process of the 
premaxilla, and the absence of an external man¬ 
dibular fenestra in lateral view. Anchiornis also 
lacks derived deinonychosaurian characteristics, 
including a laterally exposed splenial and a spe¬ 
cialized raptorial pedal digit II. Anchiornis appears 
to be more closely related to avialans than dei- 
nonychosaurians or troodontids, based on mor¬ 
phological comparisons and identification of 
potential synapomorphies in this analysis. 
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APPENDIX 1 


Abbreviation List 


ar 

articular 

as 

astragalus 

atf 

antorbital fenestra 

ax 

axis 

bsr 

basisphenoid recess 

bt 

basal tuber 

btp 

basipterygoid process 

c 

cervical vertebrae 

ca 

caudal vertebrae 

dp c 

deltopectoral crest 

dr 

dorsal rib 

d.v. 

dorsal vertebrae 

fm 

foramen magnum 

fu 

furcula 

gtr 

greater trochanter 

hy 

hyoid 

lan 

left angular 

lc 

left coracoid 

Id 

left dentary 

If 

left femur 

lfi 

left fibula 

lfr 

left frontal 

lep 

left ectopterygoid 

lh 

left humerus 

li 

left ilium 

lis 

left ischium 

lj 

left jugal 

11c 

left lacrimal 

l.m. 

lepidosaur mandibles 

lmx 

left maxilla 

In 

left nasal 

lpa 

left prearticular 

1pm 

left premaxilla 

lpu 

left pubis 

iq 

left quadrate 

Ira 

left radius 

Isa 

left surangular 

lsc 

left scapular 

lsp 

left splenial 

lti 

left tibia 

ltr 

lessor trochanter 


lu 

left ulna 

me 

metacarpal 

mf 

maxillary fenestra 

m.o. 

middle-ear opening 

mt 

metatarsal 

ns 

neural spine 

oc 

occipital condyle 

op 

olecranon process 

P 

parietal 

pb 

pubic boot 

Pi 

palatine 

po 

postorbital 

pmf 

promaxillary fenestra 

ptr 

posterior trochanter 

qj 

quadratojugal 

rad 

radiale 

ran 

right angular 

rc 

right coracoid 

rd 

right dentary 

rep 

right ectopterygoid 

rf 

right femur 

rfi 

right fibula 

rfr 

right frontal 

rh 

right humerus 

ri 

right ilium 

ris 

right ischium 

r J 

right jugal 

rlc 

right lacrimal 

rmx 

right maxilla 

rn 

right nasal 

rpm 

right premaxilla 

rpt 

right pterygoid 

rpu 

right pubis 

rq 

right quadrate 

rra 

right radius 

rsa 

right surangular 

rsc 

right scapular 

rti 

right tibia 

ru 

right ulna 

scr 

subcondylar recess 

sc.r. 

sacral rib 

sc.v. 

sacral vertebrae 

se 

semilunate 

so 

supraoccipital 

sq 

squamosal 

1-1 

phalanx 1-1 
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1-2 

phalanx 1-2 

II-1 

phalanx II-1 

II-2 

phalanx II-2 

II-3 

phalanx II-3 

III-l 

phalanx III-1 

m -2 

phalanx III-2 

III-3 

phalanx III-3 

m-4 

phalanx III-4 

IV-1 

phalanx IV-1 

IV-2 

phalanx IV-2 

IV-3 

phalanx IV-3 

IV-4 

phalanx IV-4 

IV-5 

phalanx IV-5 

X 

cranial nerve opening X 

XI 

cranial nerve opening XI 

XII 

cranial nerve opening XII 
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